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Abstract

Optical receivers, specifically avalanche photodiodes (APDs) and single-photon ava-
lanche diodes (SPADs), are essential for various applications in optical communications
and sensing technologies. Given the variability in their performance due to process
parameters and environmental factors, efficient characterization methods are desirable.
Commonly, characterization methods rely on high-speed oscilloscopes. These can be
expensive and slow down the process due to data transfer limitations.

To improve efficiency, this work proposes a cost-effective USB interface for streaming
digital data from such optical receivers to a PC. Utilizing the CYUSB3KIT-003 EZ-
USB FX3 SuperSpeed explorer kit for USB connectivity, the interface was developed
with a topology of SPAD = comparator/level shifter = serial-to-parallel conversion
= FX3 = PC. Custom four-layer printed circuit boards (PCBs) were designed for
each stage of the interface, including configurations for the comparator and level
shifter stage, as well as two distinct serial-to-parallel conversion topologies: one based
on daisy-chained shift registers and the other on cascaded demultiplexers/deserializers.
Firmware for the FX3 was developed to facilitate data transfer, complemented by a
simple Windows application for managing data transfers.

Performance evaluations showed that the interface could operate effectively at
continuous speeds up to 3050 Mbit /s, nearing the theoretical maximum of 3200 Mbit /s
of the FX3 for USB connections. However, performance varied significantly across
different modules, with data integrity issues at certain speeds or conditions depending
on the used topology.

A discrete component strategy was chosen over an FPGA-based approach for the
serial-to-parallel conversion stage due to its perceived advantages in chip availability,
ease of troubleshooting and design time; however, this decision led to significant
challenges and unsatisfactory performance results. Nevertheless, it led to a more
cost-effective solution, avoiding the high recurring costs associated with FPGA design
software licenses.

While the developed interface is functional, its usability is hindered by data integrity
concerns, necessitating further optimizations or alternative design strategies. Future
work is recommended to explore FPGA-based solutions, leveraging insights gained
from this thesis to enhance performance and flexibility while addressing the identified
issues.
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1. Introduction

Optical receivers, such as avalanche photodiodes (APDs) and single-photon avalanche
diodes (SPADs) are a crucial component in modern optical communications systems,
laser-based sensing technologies, quantum key distribution, biomedical imaging, and
more. These devices convert incoming light into electrical signals, thereby enabling
the detection and processing of optical information. However, the performance
of these receivers can vary wildly with process parameters, operating conditions,
and environmental factors like temperature. Therefore, it is essential to be able to
efficiently and reliably characterize them.

1.1. Motivation

Characterization can be done using high-speed oscilloscopes with several GHz of
bandwidth. To evaluate the data, the waveforms usually need to be transferred to a
PC, which can be slow either due to limited connection speeds or the high amount
of samples. Such oscilloscopes also tend to be prohibitively expensive. For many
measurements, it is enough to measure the number and approximate width of pulses,
the exact waveforms are not needed. As such, a digital interface that can distinguish
between two voltage levels can suffice. In addition, it should be able to quickly stream
data to a PC using a USB connection.

1.2. Research questions

The task of this thesis is to design a digital interface capable of streaming high-speed
serial data from optical receivers to a PC using USB and evaluate its performance. To
enable USB connectivity, a USB 3.2 Gen 1 development board, the CYUSBSKIT-003
EZ-USB FX3 SuperSpeed explorer kit 1] (‘FX3’ for short) shall be used. Ideally,
the maximum transfer speed of 3200 Mbit/s (without protocol overhead) that the
development board can reach is met.

Thus the research questions are:

1. Is it feasible to use USB to stream high-speed serial data from optical receivers
with the purpose of characterizing them?

2. Are there potential challenges or limitations in implementing or using such an
interface?
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1. Introduction

3. How does the system compare to using high-speed oscilloscopes for characteriz-
ation?

1.3. Limitations

While a USB interface will be implemented and evaluated, it is out of the scope of
this thesis to use it on actual optical receivers. In their stead, bit pattern generators
will be used to simulate the incoming data stream.

Any circuit design will be done on a printed circuit board (PCB) level, i.e. using
commercially available off-the-shelf parts or similar. No custom integrated circuits
(IC) will be developed or manufactured.
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2. State of the Art

This section gives a brief introduction to single-photon avalanche diodes (SPADs)
and key metrics used to characterize their performance. Additionally, it provides a
brief overview of high-speed digital signalling standards, some of which are relevant
to this thesis. Finally, it mentions already existing FX3-based USB interfaces in
academic literature.

2.1. Overview of SPADs

Single-photon avalanche diodes (SPADs) are highly sensitive photodetectors, capable
of detecting individual photons. They are a special form of avalanche photodiode
(APD), operated in Geiger mode. In this mode, the cathode-anode voltage is above
breakdown, so that a single photon-generated charge carrier can build up a self-
sustaining avalanche process |2, p. 87|. The avalanche leads to a current in the mA
range that needs to be quenched before another photon can be detected. Quenching
works by reducing the bias voltage below the breakdown voltage. Quenching circuits
can be passive or active, the latter using complex circuitry to improve control as well
as speed. They have a significant influence on the performance of the SPAD.

Some SPADs are gated. There, the quenching and detecting time phases are forced
alternately with e.g. a clock. Such ‘gated SPADs’ still employ a quenching circuit
but can be additionally turned ‘on’ or ‘off” via the gater.

SPAD metrics

To evaluate the performance of a SPAD, there are several metrics that need to be
measured. The following is a brief list of important metrics used to characterize

SPADs:

Photon Detection Efficiency (PDE) defines the average portion of photons that
successfully generate an electron-hole pair in the active area of the detector
that also triggers an avalanche. It rises with excess bias voltage since the
avalanche triggering probability increases in higher electric fields [3, p. 1958], [4,
pp. 3895-3896|.

Dark counts are avalanches triggered by thermally generated charge carriers. They
are specified in the form of a dark count rate and increase with temperature
(primary pulses) as well as excess bias voltage (secondary pulses) |2, pp. 87-88],
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2. State of the Art

[3, p. 1958]. Dark count rates can vary widely, ranging from as low as 100 counts
per second [3, p. 1959| to as high as the megahertz range [5]. Dark counts are
measured by operating the SPAD in dark conditions. (Dark) pulses are counted
and evaluated using statistical methods like the time-correlated single photon
counting (TCSPC) technique [6, p. 138].

Afterpulsing is a process where charge carriers are captured in deep levels during
the avalanche process. After some delay they are released and can trigger
another avalanche |2, p. 88|. These pulses are correlated with the previous pulse
and increase with the excess voltage. Afterpulsing can be measured with a
special double-gate method, where the first gate triggers an avalanche and the
second gate measures potential afterpulses |7]. Another method is generating a
cross-correlation histogram between the trigger signal and detector output [8].

FWHM (full width at half maximum) is the width of a spectrum curve or distribution,
measured at half the maximum value. In the context of SPADs it is commonly
used to characterize the distribution timing response. FWHM for response
time can be measured and evaluated using the previously mentioned TCSPC
technique.

2.2. High-speed digital signalling

The need for faster and more efficient digital systems has led to the development of
various high-speed signalling standards. The following is a non-comprehensive list of
these standards for speeds ranging from several hundred Mbit/s to 52 Gbit/s.

HSTL: Released in 1995 as EIA/JESD8-8 [9], the ‘High Speed Transceiver Logic’
standard is meant to be technology independent. It allows the device supply
voltage to be different from the output supply voltage. It is a single-ended
standard designed for use at speeds less than 300 MHz |10, p. 1].

LVDS: ‘Low Voltage Differential Signaling’ is very efficient, and simple to terminate.
As the name implies, LVDS is a purely differential standard. It is limited to
~1 Gbit/s in effective performance [11, p. 1], although rates of up to 3 Gbit/s
have been reported [12, p. 10].

CML: In ‘current mode logic’, an emitter-coupled pair of transistors are implemented
in a topology that results in a voltage-controlled current switch. This switch
steers the bias current to one of the two transistors. Load resistors convert
the current into a voltage [13, pp. 35-37]. CML can work differentially or
single-ended. CML buffers have advantages over CMOS inverters in high-speed
low-voltage applications, especially in the presence of environmental noise sources
like crosstalk or power rail noise [14].
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Figure 2.1.: Gate delay versus power for various logic families. Used ECL families in
this thesis are 10EP and 100EP as well as LVCMOS (unknown specific
logic family). Source: [17, p. 792]

ECL: With its origins in a 1956 patent [15], emitter-coupled logic (ECL) has histor-
ically been the fastest logic family. It still sees use in cases where high-speed
and good noise immunity is important. Positive emitter-coupled logic (PECL)
was a development that allowed to use positive supply rails instead of the negat-
ive supply rails that ECL needed. Low voltage positive emitter-coupled logic
(LVPECL) was another improvement that lowered the needed supply voltage
from 5V to 3.3V or even lower.

ECL is essentially CML with added output buffers [13, p. 48]. This changes
the high output impedance of CML to a low impedance (around 5(2), thereby
increasing the drive capability.

The biggest downsides of LVPECL are its large static power consumption com-
pared to technologies like CMOS or TTL (fig. 2.1) and the relatively complex
termination requirements. It has very low propagation delay (<500 ps), however.

JESD204: The first version of the JESD204 interface specification was released in
2006, offering a 3.125 Gbit/s maximum lane rate. A newer version, JESD204B,
features maximum lane rates of 12.5 Gbit/s and support for advanced features
like end-to-end deterministic latency or harmonic frame clocking [11, p. 1].
The newest version, JESD204D, released in 2023 supports lane rates of up to
58 Gbit/s with NRZ encoding and is fully backwards compatible to JESD204B
[16]. In the electrical layer, the signal represents a 1.2V CML signal [16, p. 11].
The JESD204 interface can be implemented in FPGAs but is highly complex.
JESD204 is commonly used as the data interface of modern high-speed ADCs.
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2. State of the Art

Voltage Swing Typical Data Rate*

Standard in mV in Gbit/s Power Key Features

LVCMOS Rail to rail < 0.3 Medium  Widely used

HSTL 400-600 < 0.3 Medium Good signal integrity

LVDS 350 < 1.0 Low Low power, good noise im-
munity

LVPECL 100-800 < 3.2 High Good noise immunity, high
drive capability

CML 400-800 < 12.5 Medium Low noise

JESD204D 400-800 < 58 Medium Deterministic latency, har-
monic frame clocking

*Per lane

Table 2.1.: Comparison of different high-speed signalling standards

2.3. FX3 USB interfaces

FX3-based designs in academic literature commonly follow a structure of device =
FPGA = FX3 = PC [18]-20]. Devices can be image sensors, ADCs or similar. An
important difference to this thesis is that the devices connected to the FPGA (and
eventually the FX3) are connected via parallel buses, while in this thesis a single
high-speed serial lane & clock needs to be converted to a 32-lane parallel bus to

connect to the FX3.

For the serial-to-parallel conversion there exist fast ASIC-based solutions in aca-
demic literature [21]-[23]. However, these are custom integrated circuits (ICs).



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Methodology

This section provides an insight into the developed USB interface. It details the
system architecture, describing the abstract function of the circuits in block diagrams.
Important parts of the circuits are described in detail on a schematic part-level. All
schematics are included in their entirety in appendix D on page 71.

The focus lies on the actual solutions that were chosen and implemented. A
discussion about alternatives will be had later in chapter 5, especially section 5.1.

3.1. System Overview

As outlined in section 1.1 the main goal of the system is to transfer data from a
high-speed serial data source! to a PC using USB. The data source provides a data
line and a synchronous clock line. These are then handled via the custom USB
interface and adapted for USB transfer (see fig. 3.1 top part).

The custom USB interface consists of three parts (see fig. 3.1 bottom part). The
approach is a partly modular one; each of the three parts is on its own PCB, allowing
the use of different variants and easier revisions.

The following is a short summary of the three modules. They will be described in
detail in the next section.

1. Comparator/Level Shifter: This module has two functions: generate a clean
digital data signal and shift the voltage levels to what the next module needs.
For this, a PCB was built that does both and will be called Comparator PCB.
In many cases the comparator is redundant since the incoming signal is already
conditioned, so a second variant of the PCB was made that only does the level
shifting. This variant will be called Level Shifter PCB.

2. Serial to Parallel Conversion: This module converts the high-speed serial
data line into 32 parallel data lines. The synchronous clock is divided by
a factor of 32. The reason for this is that the FX3 chip that handles USB
communication does not have a high-speed serial interface but rather a parallel
interface that is up to 32 bits wide. Two different approaches were implemented:
the Shift Register PCB and the Demux PCB.

'In practice the data source would be a SPAD but it could be any digital data source. Even
analogue signals can be used in conjunction with the optional input-side comparator, with the
caveat that the analogue signal will be directly converted to a digital one, losing any analogue
information beyond the voltage being above or below the comparator threshold.
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Figure 3.1.: System overview. The top block diagram shows the complete abstract
structure, with the data source in form of an SPAD & gater circuit and
the data sink in form of a PC. The bottom diagram further details the
custom USB interface, showing its three modules. The bold text above
the data lines specifies the voltage levels used.

3. FX3 Superspeed Explorer Kit: This module is a development kit for the
Infineon EZ-USB FX3 peripheral controller. It has a lot of possible functions
and applications but in the case of this thesis it serves as a data streaming
device, capable of continuously transmitting data to the PC with speeds up to
approximately 3 Gbit/s. It will be abbreviated as F X3 from now on.

The next two sections go into detail on the design for each module of the custom
USB interface. They will be described in backwards order (i.e. from PC to SPAD),
starting with the FX3. This is because some design decisions in other modules are a
result of the requirements imposed upon by the FX3.

3.2. Software Design
Code was needed for four parts:

e Most importantly, the FX3 firmware itself, handling USB communication on
the hardware side.

e The Windows application, allowing to initiate and end data transfers from the
PC side and write the transferred data into a file.

e One PCB included an STM32 microcontroller to configure an IC via SPI and
handle user input via a button.

e Python scripts on the PC to evaluate transferred data, most importantly to
calculate the bit error ratio (BER) of transferred data and gauge the performance
of the interface.
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Figure 3.2.: FX3 block diagram. The green connections between peripheral blocks
and the RAM (controlled by the DMA controller) are called sockets.
Source: [24, p. 3]

These will be described in the following section. The microcontroller will be
described in the respective PCB section (3.3.2).

3.2.1. FX3

Infineon’s EZ-USB FX3 peripheral controller allows adding USB functionality to
hardware. They present it as:

FX3 has a fully configurable, parallel, general programmable interface called
GPIF II, which can connect to any processor, ASIC, or FPGA. [...] It provides
[...| connectivity to popular interfaces, such as asynchronous SRAM, asynchron-
ous and synchronous address data multiplexed interfaces, and parallel ATA.
FX3 has integrated the USB 3.2 Gen 1 and USB 2.0 physical layers (PHYs)
along with a 32-bit ARM926EJ-S microprocessor for powerful data processing
and for building custom applications. It implements an architecture that en-
ables 375-MBps data transfer from GPIF II to the USB interface. |...] FX3
contains 512 KB or 256 KB of on-chip SRAM |...] for code and data. EZ-USB
FX3 also provides interfaces to connect to serial peripherals such as UART,
SPI, 12C, and I12S. [24, p. §]

Infineon also offers the CYUSBSKIT-003 EZ-USB FX3 SuperSpeed explorer kit
which is a development kit for the FX3 chip [1]. It allows quickly starting hardware
projects with the FX3. All I/Os — most importantly the GPIF II interface — are
exposed via 2.54 mm pitch pin headers on the top as well as pin sockets at the bottom
(see fig. 3.3). The most important additions on the explorer kit compared to the bare

FX3 chip are:
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3. Methodology

Figure 3.3.: Rendering of the FX3 explorer kit. (Main) Connection to the PC is done
via the USB 3 Type-B port on the right, while the JTAG debugger is
connected to the PC via the micro-USB port on the left.

e An onboard 16 Mbit SRAM? connected to the GPIF II interface (unused in this
thesis).

e A 2Mbit EEPROM? for storing the FX3 firmware between resets or power-
downs. It is connected via 12C to the FX3.

e A USB-serial dual-channel bridge* with JTAG functionality. This acts as an
onboard JTAG debugger, connected via a separate micro-USB port to the PC.

A very important fact to keep in mind is that the GPIF II interface is a parallel
one; it allows data widths of up to 32 bit and clock speeds of up to 100 MHz, giving
a maximum throughput of 3200 Mbit/s. Thus, to get the desired transfer speeds, we
need to convert the high-speed serial input to a 32 bit wide parallel bus.

Since the hardware part of the FX3 module is covered wholly via the explorer kit,
the rest of the FX3 section will focus on the software, namely the FX3 GPIF II state
machine, the FX3 firmware and the windows application.

GPIF 11 state machine

General programmable interface IT (GPIF II) is the main interface the FX3 to move
data into and out of the FX3 [25, p. 207|. It is connected to the distributed DMA
controller that connects all peripherals as well as the ARM CPU of the FX3 (see
fig. 3.2). Connections between the GPIF IT and the DMA controller are represented by
one or several DMA sockets. The DMA fabric can directly move data between sockets
(e.g. GPIF and USB) without CPU involvement. This allows the high throughput
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Figure 3.4.: FX3 data transfer architecture. Source: [26, p. 23]

of up to 3200 Mbit/s. Internally, the DMA controller can even achieve double that
speed (6400 Mbit/s) |25, p. 32| but is limited by the speeds of the GPIF II and USB
interfaces.

The GPIF II interface is controlled via the GPIF II state machine. Its configuration
is loaded into 8 kB of dedicated RAM (separate from the 512kB of embedded SRAM
used by the DMA and the CPU) upon startup [24, p. 12|. The interface is very
flexible, supporting various data bus widths, frequencies up to 100 MHz, and up to
16 configurable control pins (input/output or bi-directional). It can operate as a
master or slave. One of the most common applications is a synchronous slave FIFO
interface — a variant of which is used in this thesis. While the state machine mostly
works autonomously (controlled by internal events, flags or external triggers), there
is some limited capability to trigger state changes via the FX3 firmware as well.

A graphical tool called GPIF II Designer is used to create and configure the
state machine. Each state can have several actions like configuring or incrementing
counters, reading in from or writing data to the GPIF interface, setting or reading the
state of control pins (high/low), etc. Most actions of the active state are performed on
each clock cycle of the GPIF interface. State transitions occur via events. Examples
for events are counter overflows, DMA flag changes, input GPIO state changes (as
external triggers).

Before we can go into the used state machine, we need to understand some
terminology in the GPIF context. For the next paragraphs please refer to fig. 3.4 for
easier understanding.

e A DMA buffer is a section of the embedded SRAM dedicated to intermediate
data storage. They can be chained within a channel to form a large continuous
buffer.

e A socket connects peripheral blocks like GPIF II, UART, 12C or USB to the
FX3 RAM, which itself is controlled by the distributed DMA controller.

e A producer socket writes data to a DMA buffer, a consumer socket reads
data from a DMA buffer. Both are types of DMA sockets.

11
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e A GPIF thread is a connection between the external data pins and a (producer)
socket to a DMA descriptor chain. These threads have nothing to do with the
threads of the real-time operating system (RTOS) running on the FX3 CPU.

e A DMA descriptor is a set of registers within the embedded SRAM and
contains information about address and size of a DMA buffer. They are usually
chained to point to a chain of DMA buffers.

A data transfer from GPIF to USB roughly works like this:

1. Data is sent from GPIF thread 0 to GPIF socket 0. The DMA controller writes
the incoming data continuously into DMA buffer 0 connected to that GPIF
socket, filling up the buffer.

2. When the buffer is full (tracked with an internal counter counting the transferred
bytes) the GPIF thread switches to thread 1, thereby changing the active buffer
to 1.

3. While buffer 1 is filling, the GPIF socket 0 switches to the next empty DMA
buffer (buffer 2).

4. Once buffer 1 is full the GPIF thread switches back to thread 0. Now buffer 2
is being filled.

5. This alternating action goes back and forth until all DMA buffers are full. Then
the whole buffer chain gets committed to the USB consumer socket. This
empties the DMA buffers into the consumer socket connected to the USB
endpoint.

6. Jump back to step 1 until the transfer stops

Switching DMA buffers within a socket takes some time (several milliseconds),
while switching GPIF threads is done without any latency |26, p. 23], [25, p. 217].
This allows continuously streaming data on the input side without data loss, which
is essential for our application. In other applications that allow flow control (e.g.
transferring data from a storage medium) a single GPIF thread can also be utilized,
since the data source can be briefly paused while the producer socket switches buffers.

The state machine used in this thesis is shown in fig. 3.5. It starts in an idle state
called ‘DMAWAIT’. When initially entering this state, two counters are initialized and
configured.> When the user triggers the start of a data transfer on the PC, this is sent
via USB to the FX3 firmware, which changes the GPIF state to ‘READ THREADO’.
Then on each clock cycle, 32 bit of data are read from the GPIF II pins and written
into the DMA buffer connected to GPIF thread 0.

®Note that these counters are called data and address counters in the GPIF II Designer tool. They
do not have that semantic function in this state machine, but are used as simple counters. The
names are hardcoded into GPIF IT designer.

12
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-
START ‘—> DMAWAIT

Initialize Counter 0
Initialize Counter 1

Start transfer via
firmware trigger

— |

Stop transfer via
firmware trigger

Counter 1 overflow

( READ__THREADO W ( READ__THREAD1

Stop transfer via
firmware trigger

Write Data into DMA Socket
Increase Counter 1
Pull GPIO 17 high while active

Counter 0 overflow

Figure 3.5.: GPIF II state machine. A screenshot of the state machine within the
GPIF II Designer application is shown in the Appendix in fig. C.1 on
page 67.

Write Data into DMA Socket
Increase Counter 0

Once the counter overflows (indicating that the buffer is full) the state switches
to ‘READ _THREAD1’. Now the next DMA buffer (connected to GPIF thread 1)
is filled up. For debugging reasons, a GPIO pin is also asserted (GPIO 17, pulled
high) while READ THREADI is active. This allows to verify that GPIF threads
are actually switched as well as the speed that DMA buffers fill up (which can be
calculated by checking the clock input frequency).

At any time the user can stop a running transfer on the PC, after which the FX3
firmware will switch the state back to the idle ‘DMAWAIT’ state.

The counters need to be initialized so that their overflow limit corresponds to a
full DMA buffer. They start counting at 0 and are incremented by 1 on each (GPIF)
clock cycle. The correct limit depends on the DMA buffer size as well as the GPIF
data width.

DMA buffer size B
GPIF bus width

In this application each DMA buffer has a size of 2'4 = 16384 bytes while the GPIF
bus width is 32 bit or 4 byte. This gives a counter limit value of 4095.

counter limit =

(3.1)

FX3 firmware

The FX3 firmware controls the ARM CPU within the FX3. Its main purpose (in this
application) is to load the firmware from the onboard EEPROM on startup, initialize
and set up the FX3, inlcuding its real-time operating system (RTOS). In addition, it
also enumerates the device for USB, and configures as well as continuously handles
DMA buffers to be used by the DMA fabric. Handling in this case means configuring
and setting up DMA buffers before transfers as well as destroying the buffers upon
transfer end. The actual moving of data into and out of the DMA buffers is handled

13
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GpifToUsb/ Root folder
|- .settings/

+— language.settings.xml eclipse IDE project configuration
— continuous_read.cydsn/ GPIF II designer project files

}— projectfiles/
gpif2model.xml

gpif2timingsimulation.xml

gpif2view.xml

»— continuous_read.cyfx

— .cproject eclipse IDE project configuration

— .project eclipse IDE project configuration

— cyfx_gcc_startup.S  Startup code to set up stacks and interrupts
+— cyfxbulkdscr.c USB enumeration descriptors

+— cyfxgpif2config.h Header file produced by GPIF II designer

+— cyfxgpiftousb.c Main application
— cyfxgpiftousb.h Constants, endpoint and socket definitions
— cyfxtx.c Exception handlers & memory allocation routines

+— makefile

— makefile.init

— readme.txt

Figure 3.6.: File and directory structure of the FX3 firmware. The content of the
files is briefly described in the grey text adjacent to the filenames.

by the DMA fabric and the GPIF II state machine. It also handles communication
with the PC application via USB, initiating and stopping data transfers on user
request.

The code used in this thesis can be accessed online on github via https://
github.com/Fivefold/fx3_usb_interface. Additionally, it will be hosted on the
Internet Archive via https://archive.org/details/fx3_usb_interface and is
also included on a CD in the physical versions of this work.

The basis for the firmware code is the cyfxbulksrcsink example found in the
FX3 software development kit (SDK) at the path /1.3/firmware/basic_examples.
This example was used and modified to create the current implementation.

An overview of the firmware files can be seen in fig. 3.6. The GPIF II designer files
are in a separate folder continuous_read.cydsn. These contain the project files
used to configure and compile the header file of the GPIF II state machine described
in the previous section.
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s7 /* Burst length in 1 KB packets. Only applicable to USB 3.0. */
ss #1fndef CY_FX_EP_BURST_LENGTH

so #define CY_FX_EP_BURST_LENGTH (16)

60 #endif

61

62 /* Size of DMA buffers (in bytes) used by the application. */
o3 #ifndef CY_FX_DMA_BUF_SIZE

64 #define CY_FX_DMA_BUF_SIZE (16384)

65 #endif

66

67 /* Number of DMA buffers to be used on the channel. */

68 #1fndef CY_FX_DMA_BUF_COUNT

69 #definme CY_FX_DMA_BUF_COUNT (4)

70 #endif

Listing 1: Important configuration options in cyfxgpiftousb.h

cyfx_gcc_startup.S, cyfxtx.c as well as the makefile can be directly used without
modification from the SDK example. They roughly fit the role of a software library.
For this reason they won’t be explained in detail here.

cyfxbulkdscr. c has slightly modified USB enumeration descriptors but stays largely
the same as the SDK example. The cyfxgpiftousb header and source files are the
most important files since they contain the bulk of the application. They will be
explained in more detail, with a special focus on changes that were done to the SDK
example.

cyfxgpiftousb.h contains various constant definitions and configuration data,
among them which consumer and producer sockets to use and how many DMA buffers
at which size to use.
DMA buffers take up space within the RAM of the FX3, thus there is a limit on
total buffer size. In the case of the FX3 explorer kit (which has 512kB RAM) the
maximum space available for DMA buffers is 224 kB [27].

For this application a DMA buffer size of 16kB and a buffer count of 4 was
determined to be ideal (see listing 1). Note that we have two GPIF threads, so the
total amount of DMA buffer space is 16kB - 4 - 2 = 128 kB.

Achieving maximum throughput is not necessarily gained by using all the available
space. Instead the parameters transfer burst length, DMA buffer size and amount can
be varied to affect the throughput |28, p. 9]. The achievable throughput is not only
determined by these settings but also by the host system (PC). Usually several USB
ports share a single USB host with shared bandwidth. Further down the signal path
several devices and interfaces share bandwidth in connection to the CPU, usually
via a shared PCle interface. Thus, available bandwidth on the host system is an
important limiting factor |28, p. 8|.

cyfxgpiftousb.c is the main source file, containing the application code. This
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is where most changes (compared to the SDK example) were done and is the most
important part of the firmware. As such, it will be explained in detail, starting
with explaining each function in the order they appear in the code. e is used for
unchanged functions or trivial changes like renamed variables, ® for functions with
minor changes, ® for functions with major changes, and & for new functions. Changes
will be explained in italic font.

®» CyFxAppErrorHandler: Error handler function. Resets the FXS8 device when
an error is raised.

e CyFxApplnDebuglnit: Initializes the debug module. All debug prints are
routed to the UART and can be seen using a UART console® running at 115200
baud rate.

@ GpifToUsbDmaCallback: DMA callback function that is run when DMA event
happens. Increases the DMA event counters. DMA events happen when a
DMA buffer is filled (producer event) or is read out (consumer event). Events
are also sent to the DMA socket (producer socket < consumer socket). The
signalling is handled by the DMA fabric without CPU involvement |29, p. 69].

e LoopBackDmaCallback: Handles loop-back transfers from the firmware side.
When a DMA buffer gets full the data gets copied over and sent to the consumer
endpoint. After this, the DMA buffer gets discarded, i.e. emptied. The loop-
back function is from the SDK example but is unused in our application.

® CyFxApplnEpCallback: USB endpoint specific event callback. This keeps track
of the number of USB endpoint events by counting them.

® CyFxApplnStart: Starts the application. This is called when a SET CONF
event is received from the USB host. As this is a long function the function
flow will be described in more detail:

1. Endpoints are configured. Their type is set to CY U3P_EP BULK
(for bulk transfers), the endpoint packet size and USB burst length are
configured. Disables automatic switch to USB low power modes Ul and
U2 to optimize throughput.

2. The endpoint memory is flushed.

3. DMA channels are set up. For this application a multi-DMA AUTO
channel is used, Multi-DMA meaning more than one producer socket.
These are mapped to our two GPIF threads on the input side, and to the
USB consumer socket on the output side. This allows gapless transfers, as
explained in section 3.2.1. An AUTO channel lets the DMA transfers be
handled by the DMA fabric and the GPIF II state machine.

5The UART console is accessible via the Micro USB port that the JTAG debugger also uses (see
fig. 3.3).
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4. DMA channels for the loop-back function are set up. The loop-back
function is from the SDK example and unused in our application.

5. The GPIF state machine is loaded.

6. A flag is updated to notify the RTOS application thread that initialization
is complete.

CyFxApplInStop: Stops the application. Whenever a RESET or DISCONNECT
event is received from the USB host, this function is called. Endpoints are
disabled, their memory is flushed, and the multi-DMA channels are destroyed.

CyFxAppIlnUSBSetupCB: Callback function to handle USB requests. Examples
are getling firmware version and revision number, USB event log data and —
most importantly — starting and stopping data transfers via the USB host. This
callback function triggers the transfers of the GPIF II state machine.

CyFxApplnUSBEventCB: Callback function to handle USB events. Examples
for USB events are connection, reset or disconnection of the USB port. Prints
additional debug data.

CyFxAppInLPMRqtCB: Callback function to handle USB Link Power Man-
agement (LPM) requests from USB 3.0 hosts. The API invokes this function
whenever a state change from U0 — Ul or U0 — U2 happens. U0, Ul, and U2
represent power states, where U0 is the active state and Ul and U2 are power
saving states. U2 conserves more power at the cost of higher exit latency [30,
pp. 188-192].

CyFxApplnlnit: Initializes the USB module, setting the enumeration descriptors.
Also calls the CyU3PPibInit function, which powers up the P-Port interface
block. This block is used by the GPIF II interface.

printGpif ToUSBDMAStats: Helper function that prints the producer and
consumer events to the debug console and resets the event counters to 0.

CyFxAppThread Entry: Entry function for the RTOS thread. Calls the debug
console and application initialization functions. While the application is active,
it repeatedly calls printGpifToUSBDMAStats to print debug information and
tries to keep the device in U0 power state. Resets the device upon host request.
Removed a bunch of redundant USB setup commands.

CyFxApplicationDefine: Defines the application thread that is executed by the
RTOS

main: initializes the FX3, sets up the caches, configures the I/Os and starts
the RTOS kernel. No firmware GPIOs are enabled.”

"One GPIO is used and controlled by the GPIF II interface, as explained in section 3.2.1.
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The easiest way to compile the code is to use the provided toolchain based on the
popular eclipse IDE. Infineon calls their adaption EZ USB Suite. It is part of the
FX3 SDK.®

Windows application

Data transfers are controlled by the user from the PC side. For this a small Windows
application called CollectData.exe is used. It is part of the code examples of the
SuperSpeed Device Design By Ezample book [25], officially endorsed by Infineon.

The code examples from the book (not to be confused with the FX3 SDK code
examples) are available online under https://www.cypress.com/fx3book. They
include applications like CollectData.exe (see fig. 3.7), both as a precompiled .eze
as well as the Visual Studio projects used to compile them. No modification of
the code was needed; the custom FX3 firmware was written to work directly with
CollectData.eze.

The application is easy to use; it automatically detects any connected FX3 devices
with the correct firmware®. Then data can either be streamed and discarded (to test
the achievable transfer rate, shown at the bottom of the application window) or a
file can be chosen/created via a dialogue for the data to be saved into. A transfer is
started with a click on the ‘Start Data Transfer’ button and either stopped manually
by clicking on the same button or by letting the file transfer timeout be reached.

All transferred data that is written into a file by CollectData.eze is stored in binary
format, in little-endian order.

3.3. Hardware Design

The following pages describe the design and function of the self-designed hardware,
i.e. the serial-to-parallel conversion and comparator/level shifter modules of the
interface (as previously seen in fig. 3.1).

3.3.1. General hardware design considerations

Some hardware design considerations are common to all PCBs of this thesis and thus
are bundled here.

LVPECL termination voltage

The Shift Register and Demux PCBs both make heavy use of LVPECL logic levels.
The Demux PCB has 30 LVPECL terminations (counting differential pairs as two

8For compiling instructions, see the included code on the CD (in the physical versions) or visit
github via https://github.com/Fivefold/fx3_usb_interface or the Internet Archive via
https://archive.org/details/fx3_usb_interface.

9Detection works by looking for a hardcoded vendor ID (VID) and product ID (PID) that
corresponds to a ‘Cypress USB StreamerExample’ device.
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¥y Receive Data from Fx3 Device

Devices Found | (0x0484 - 0x00F 1) Cypress USE StreamerExample &

Choose & data transfer procedure

{®) Receive and Discard Data from the Device

File To Receive

Current Data Transfer Rate 0 KB/fsec Start Data Transfer

Figure 3.7.: Windows application CollectData.exe. The application allows to initiate
and stop data transfers from the FX3 to the PC. The user can choose to
write the transferred data into a file. Writing into a file also allows to
optionally define timeout in seconds.

terminations since they are driven by two ECL drivers). The Shift Register PCB
has 140 LVPECL terminations. Each LVPECL termination sinks about 14 mA on
average, with about 22 mA when driving a logic HIGH [31, p. 9]. This gives the
Shift Register PCB a worst-case termination current of about 3 A or several watts of
power, necessitating active cooling. The Demux PCB with its 30 terminations only
gets about 660 mA termination current, with passive cooling being sufficient.

The chosen termination method for PECL uses the standard termination. This
termination method requires the supply of a termination voltage Vi = Voo — 2V =
1.3 V. This voltage is supplied on both boards with a modified low dropout regulator
(LDO) regulator design [32|. It is paramount that the regulator can sink current. Thus,
the design uses a negative regulator due to its inherent current sinking capability°.
Usually, a negative voltage regulator outputs a negative voltage. By setting the
reference potential of the regulator to V¢, a positive output voltage can be achieved.
This is done by connecting the GND pin of the LDO to Vg¢.

The used LDO!! can sink up to 400mA of current, which is not enough in this
application. However, a simple modification can greatly increase the current capability.
The key is to use an external PNP power transistor, its base connected to the output
pin of the LDO (fig. 3.8). This way, the IC sinks the transistor base current, but
maintains regulation though its feedback loop. The PNP transistor however sinks the
majority of the current through its collector. This allows sinking up to several ampere,
depending on the chosen transistor and cooling. No specific transistor is needed as
long as it is PNP and is high-gain. Darlington transistors should be avoided, however,
as their Vpp can be higher than the 1.3V output voltage. To set the operating point

Do not use a positive regulator unless its one of the few types that can sink current.
HNMAX1735
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T 1| GND MAX1735

Cy L 125V (%) SET

"y

aND v
10uF
PNP
! vl

GND GND GND

Figure 3.8.: Modified LDO for LVPECL termination voltage.

and thus the output voltage, the correct feedback voltage needs to be applied to the
SET pin of the LDO. This is done using a standard voltage divider, the values of
which are calculated in eq. (3.2)—(3.6).

Vg, =125V (3.2)
Vir=Voe —2V (3.3)
R+ Ry
Vi = oA 4
Voo — Vr = Vg, 7 (3.4)
Ry + Ry

2V =12V ———— .
\% 5V 7 (3.5
0.6-R; =Ry (3.6)

PCB Stackup

All PCBs use a four-layer stack configuration (see fig. 3.9). Signals are routed on the
top and bottom layers. These layers are also used to route the LVPECL termination
voltage if space allows. In especially space constrained areas the lower inner layer
(called In2.Cu in fig. 3.9) is used to route the termination voltage as well. The upper
inner Layer (Inl.Cu) contains a ground plane. The lower inner layer (In2.Cu) is
primarily used for a power plane but also contains large ground islands in areas
where microstrips had to be routed on the bottom layer (see fig. 3.10). These islands
are stitched to the ground plane with many vias to keep tight coupling and low
inductance.

While it is possible to use a power plane as the reference plane for a microstrip,
it requires decoupling capacitors to allow the return current to switch planes. A
lower inductance alternative is to keep both reference planes at the same voltage,
because then vias can be used, which are much lower inductance than the route via
= decoupling capacitor = via [33, pp. 631-632|. Not using stitching capacitors or,
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Function Layers — Thickness 1 .| thickness: 1.584 mm / 62.36 mil
mm mil

F.Mask 0.010 0.39 Solder mask
Signal F.Cu 0.035 1.38

0.099 3.91 Prepreg
Ground plane Inl.Cu  0.015 0.60 [ Copper
1.265 49.80 Core
Power planc & o cu 0015 0.60 GBS
ground islands
0.099 3.91 Prepreg

Signal B.Cu 0.035 1.38
B.Mask  0.010 0.39

Solder mask

Figure 3.9.: Four-layer PCB stackup used in all designs.

Figure 3.10.: Example of a ground island on the Shift Register PCB. The displayed
layer is the inner lower layer (In2.Cu). B Red areas are the 3.3V supply
plane. M Blue areas are ground. M Green areas are the 1.3V LVPECL
termination voltage. Copper on the bottom layer is displayed in a
semi-transparent dark overlay, showing signals as well as the routed
termination voltage.
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if possible, vias can significantly increase inductance and thus radiated emissions.
Tests by Smith show a difference of up to 30 dB |33, p. 632], [34].

Routing

All traces that carry signals of higher frequencies (> 50 MHz fundamental frequency)
were designed as microstrips and impedance matched for a single-ended impedance
of 502 or a differential impedance of 100 2. Any higher-frequency signals that are
supposed to arrive at the same time, e.g. data signals of parallel buses or distributed
clocks were length-matched if needed.

3.3.2. Shift Register PCB

As noted in section 3.2.1, the FX3 needs a 32 bit parallel interface. The output of the
SPAD gater circuit as well as the Comparator/Level Shifter PCBs is a single high-
speed differential serial signal, however. A serial-to-parallel conversion is needed. The
Shift Register PCB is one implemented solution to tackle this. The full schematics
are available in appendix D.3 on page 76.

A block diagram of the circuit can be seen in fig. 3.11. The data enters a special
high-speed 8 bit shift register'? to get split into 8 parallel data lines. Because 32 lines
are needed, three additional shift registers are daisy-chained to the first.

The internal structure of the shift register does not feature an output latch. This
results in each individual data line switching to the next bit at the initial high
frequency. We now have 32 copies of the initial data stream, shifted by one bit
relatively to each other. Considering signal integrity but also ICs further down the
line the redundant edges in the shifted outputs should be removed, thereby matching
the speed of the output signal required by the FX3’s parallel input.

Fortunately, the shift register also has a parallel-in parallel-out operating mode.
When a (rising) clock edge comes in, all inputs of the shift register at the time of the
edge get loaded and latched to the output until the next clock edge. Combined with
a clock divided by 32 this allows the shift registers to act as a latch that can handle
the high input speeds. This removes the redundant edges. Thus, a second batch of
four shift registers were cascaded behind the first ones. This gives four shift registers
acting as shifters, requiring the incoming high-speed clock to be fanned out to four
chips and four shift registers acting as latches, requiring a 1/32 clock fanned out to
four chips.

The clock distribution network hinges on one central part: a programmable clock
divider IC' that also functions as a clock fanout as well as a configurable clock delay.
This chip will henceforth be referred to as clock IC.

Thanks to the versatility of this chip, most of the clock-related requirements can be
met with just one IC. This comes at the cost of additional complexity; the clock IC

12MC100EP142MNG
138V79S680NLGI
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Figure 3.11.: Block diagram of the Shift Register PCB’s circuit. Bold uppercase text

specifies the used voltage line levels. Text like ¢/8” on a line represents
a bus of e.g. 8 parallel lines (counting differential signals as 1). Note

that the ‘FX3 Superspeed Explorer Kit’ is stacked on top of the PCB,

connected through stacking connectors. It is, however, not considered
part of the Shift Register PCB.
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3. Methodology

needs to be configured via SPI after power-on. It also requires a calibration procedure
to adjust the internal delay circuitry [35, pp. 8, 13]. Configuration and calibration
is done through an STM32 microcontroller. To calibrate, a clock must be applied
to the differential clock inputs. Then, a button (marked with CAL on the PCB)
needs to be pushed to start the calibration procedure. Calibration takes less than a
second, after which the clock outputs are enabled. This is indicated to the user by
an onboard LED (marked with ‘READY” on the PCB silkscreen) being constantly
lit. Before calibration it is slowly blinking.

The clock IC has two differential clock inputs; a high-speed one allowing up to
3000 MHz and a low-speed one with up to 100 MHz. Each input has eight differential
outputs respectively and each output can be configured with a delay as well as a
division factor of up to 16. To achieve the needed division factor of 32, one of the
high-speed outputs is fed into a 1:2 clock divider!* and then back to the low-speed
input of the clock IC. Four of the high-speed outputs are routed to the shifters
and four of the low-speed outputs each are routed to the latches. Six differential
output pairs are left open, as this does not affect performance but reduces power
consumption [36, p. 2|.

Since the STM32 microcontroller had unused UART and 12C interfaces as well

as I/Os, these were routed to optional pin headers. A USB-C port allows flashing firm-
ware without a dedicated debugger or programmer through the STM32CubeProgrammer
application. It does not allow debugging however, so for development STM32’s Serial
Wire Debug (SWD) interface was routed to a pin header as well.
While it would have been possible to cover all the functions of the microcontroller on
the FX3, the decision was made to go with a dedicated microcontroller. This allows
for separate testing of the PCB, independently of the FX3. Combining them would
have made testing and debugging significantly more complicated.

The STM32 microcontroller’s code is done in C, using STMicroelectronics’ HAL
API. This allowed quickly getting the SPI interface up and running. The SPI interface
of the clock IC is a 3-wire half-duplex variant, i.e. there is only one wire for data
transmission in both directions. It also uses 1.8V, requiring a level translator to the
STM32’s 3.3V SPI interface.

The PCB has a size of 128 by 100mm. It can be seen in figs. 3.12 and 3.13.
Power can be supplied to the board either via 4 mm banana sockets or through screw
terminals. It also features a 2-pin JST-XH socket to supply power to the much
smaller Comparator or Level Shifter PCBs. There are also a 2-pin JST-XH as well
as a standard 4-pin molex KK 254 connector to connect a 12V fan for active cooling.
The 12 V is generated through a small boost converter circuit on the bottom side of
the PCB.

1SY89874UMG
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3.3. Hardware Design

Figure 3.12.: Top and bottom renderings of the Shift Register PCB (not to scale).
The FX3 Explorer Kit (not shown) is stacked on top of the pin headers.
The horizontal top row of small square ICs are the latches, the bottom
row are the shifters. The big square IC on the bottom side is the
programmable clock divider. The square IC on the bottom left of the
image is the STM32 microcontroller.

Figure 3.13.: Perspective rendering of the Shift Register PCB.
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3. Methodology
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Figure 3.14.: Block diagram of the Demux PCB. Bold uppercase text specifies the
used voltage line levels. Text like /8 on a line represents a bus of
e.g. 8 parallel lines (counting differential signals as 1). Note that the
‘FX3 Superspeed Explorer Kit’ is stacked on top of the PCB, connected
through stacking connectors. It is, however, not considered part of the
Demux PCB.

3.3.3. Demux PCB

A different approach to the serial-to-parallel conversion of the Shift Register PCB
is the Demux PCB. This was created as an alternative, after the Shift Register
PCB showed some performance issues (more on this in later sections). Where the
Shift Register PCB used shift registers as the core component type to handle the
conversion, the Demux PCB uses a 1:8 demultiplexer!® and eight 1:4 deserializers'®,
one for each output of the demultiplexer (see fig. 3.14). A big advantage is that
these chips also divide and output the clock, so there is no need for additional clock
division. The only clock-related IC is a clock fanout to share the 1:8 divided output
clock of the first demultiplexer with the eight 1:4 deserializers. This simplifies the
circuit significantly compared to the Shift Register PCB.

The initial 1:8 demultiplexer requires the reset signal to be asserted for some time
upon power-up because its internal flip-flops start in random states [37, p. 8]. To
avoid having the user press a reset button on each startup, a supervisor IC!" was
added. This chip tracks the power supply voltage and keeps the reset signal asserted
for some time after Voo rises above a threshold of 2.93 V. A reset button was still
added for debugging purposes, however.

The PCB has a size of 100 by 100 mm, a reduction in size of ~ 28 % compared to the
Shift Register PCB. It can be seen in figs. 3.16 and 3.17. Just like the Shift Register
PCB, it shares the 4 mm banana socket and screw terminal power connections as well
as the 2-pin JST-XH socket to share power with the Comparator or Shift Register

15MC100EP445MNG
16MAX3681
TAP1702

26


https://www.onsemi.com/pdf/datasheet/mc100ep445-d.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/MAX3681.pdf
https://www.diodes.com/assets/Datasheets/AP1701_4.pdf

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

3.3. Hardware Design

Input Word
87654321

Input Word
87654321

Figure 3.15.: The cascaded demultiplexer problem. (a) Simplified example of cascaded
demultiplexers. Coloured boxes represent individual bits, the numbers
denote the (input word) bit position. Note how the bit positions switch
in the output word due to the cascading of demultiplexers. (b) Actual
situation on the Demux PCB with an initial 1:8 division and 8 cascaded

1:4 divisions.

PCBs. There’s also a 2-pin JST-XH socket with its dedicated 12V boost converted
for a cooling fan; however this was included just in case and the PCB ended up not
needing active cooling.

The cascaded structure of demultiplexer and deserializers creates an initially
unanticipated issue I call the ‘cascaded demultiplexer problem’, shown in fig. 3.15.
As can be seen in fig. 3.15a, cascading demultiplexers leads to bits changing positions
in the output compared to the input.!® In the case of the Demux PCB, these changes
are substantial (see fig. 3.15b). It is a complicated-looking pattern, however it is a
pattern and can be corrected in software algorithmically. In theory, it would also
be possible to correct this in hardware by adapting the routing between the output
pins and the level shifter ICs (the last ICs in the signal chain of the PCB). The large
number of crossing traces would make routing very challenging though, even more so
for microstrips, so it was decided to correct for this in software.

8Same thing applies to cascaded deserializers or a combination of demultiplexers and deserializers.
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Figure 3.16.: Top and bottom renderings of the Demux PCB (not to scale). The FX3

28

Explorer Kit (not shown) is stacked on top of the pin headers. Next to
the pin headers are the level shifters. The 8 large rectangular chips are
the 1:4 deserializers. The two square ICs are the clock fanout (left) and
the 1:8 demultiplexer (right). The big round connectors in the centre of
the image are 4 mm banana sockets.

Figure 3.17.: Perspective rendering of the Demux PCB.
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Figure 3.18.: Block diagram of the Comparator PCB. Bold uppercase text specifies
the used voltage line levels.

3.3.4. Comparator PCB

The previously described Shift Register and Demux PCBs require LVPECL voltage
levels on their inputs. The SPADs that are to be characterized using the USB
interface use different voltage levels, however. For this reason another PCB module
was created with three objectives:

1. Create clean, sharp state transitions between logic states.
2. Shift voltage levels to LVPECL levels.

3. Deliver enough voltage swing for LVPECL receivers, especially for SPAD or
APD receivers, which only deliver small pulse amplitude levels down to around
100 mV.

Objectives #1 and #3 are handled through a custom in-house 7 GHz comparator,
manufactured in 65 nm CMOS technology [38, pp. 213-225]. The comparator does
not output LVPECL voltage levels either, however. Instead, it outputs differential
data with voltage levels of 1.2V /0V for logic high and low, respectively. This is not
a typical voltage level standard for high-speed serial communication. Thus, objective
#2 is handled with a special ‘Anything-to-LVPECL Translator’'® that can handle
both the uncommon voltage levels as well as the speed (up to 3200 Mbit/s). While
it is possible to use bias tees for level shifting, this approach is only suitable for
clock signals in this application. The reason is that the data signals can contain
long sequences of continuous 0Os or 1s, which are encoded using non-return-to-zero
level (NRZL). In NRZL, a logic-level high represents a binary 1, and a logic-level low
represents a binary 0.

The problem with using bias tees for data is the inherent DC signal component in
this encoding scheme. Without DC-coupling, the bias tee output could drift to the
bias voltage level, leading to errors in the transmitted bits.

19MAX9376
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Figure 3.19.: Top and bottom renderings of the Comparator PCB (not to scale). The
custom comparator IC is on the left (U3). The level shifter IC is directly
above it (U4).

Figure 3.20.: Perspective rendering of the Comparator PCB.
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Figure 3.21.: Block diagram of the Level Shifter PCB. Bold uppercase text specifies
the used voltage line levels.

The structure of the Comparator PCB can be seen in fig. 3.18. Because the custom
comparator IC has no clock output, the clock needs to be split using a 1:2 fanout
buffer. One of the clock outputs goes to the comparator IC via a bias tee (to adjust
the bias level). The other goes to the output SMA port of the PCB.

Most of the board space is dedicated to the custom comparator chip. Board power
(Vee = 3.3V) is supplied via the JST-XH connector, which in turn is connected to
either the Shift Register or Demux PCB. Since the comparator IC runs on 1.2V
LDO regulators with fixed 1.2V output voltage® are used to supply that voltage.
To minimize the effects of power rail noise, each kind of supply pin (Vpp, Vo, and
Vbp.my) has its own 1.2V LDO. In addition, a fourth 1.2V LDO supplies the various
tuning inputs (NA, NL, PM, DEL) via individual potentiometers. These each work as
voltage dividers and allow to adjust the tuning voltages. The tuning inputs allow for
the adjustment of things like MOSFET gate voltages (PM), voltage levels of internal
clock signals (NA,NL) or delay line drivers (DEL).

The PCB has a size of 50 by 100 mm. It can be seen in figs. 3.19 and 3.20. The
comparator IC is directly glued and wire-bonded to the PCB.

3.3.5. Level Shifter PCB

The Level Shifter PCB is an alternatively assembled variant of the Comparator PCB.
In cases where only the level shifting is needed and the comparator can be omitted
this is the preferred module, as the custom comparator needs careful tuning to work
as intended. The level shifter IC can also handle the small pulse amplitude levels of
SPAD and APD receivers, having an minimum differential input voltage threshold of
100mV. The simplified block diagram can be seen in fig. 3.21. Note that the clock
signal in this variant is not routed over the PCB but the cables carrying the clock
signal are directly connected to the (AC-coupled) Shift Register or Demux PCB.
Since the same PCB is used, it is required to bypass the comparator footprint,
because it sits between the data input SMA connectors and the input pins of the
level shifter IC. To bypass the footprint, the GND pad was ground off in the area
of the footprint. Then, data input and output traces were connected via 0.2 mm
soldered wires. Finally, the wires were covered with solder resist to electrically isolate

20A71117CH-1.2
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(a) Comparator PCB (b) Level Shifter PCB

Figure 3.22.: Comparison of assembled components between Level Shifter PCB and
Comparator PCB. The comparator IC can be seen near the centre of
the image in (a). The Level Shifter PCB utilizes the same PCB but
bypasses the comparator IC footprint through manual modification.

and also mechanically secure them (see fig. 3.22).
This leaves a mostly unpopulated PCB that really only contains the level Shifter IC,
its accompanying circuitry and SMA as well as the JST-XH power connector.

3.3.6. Complete Assembly

The individual PCBs have to be connected to each other not just electrically, but
also mechanically. As mentioned previously, the FX3 SuperSpeed Explorer Kit stacks
on top of either the Shift Register or Demux PCB using standard 2.54 mm pin
headers. Due to their high pin count they provide plenty of mechanical strength, so
no additional components (e.g. screws and fasteners).

The Shift Register PCB and Demux PCB have 3D-printed carriers, that are
essentially just several legs joined by beams below the PCB. The PCBs are screwed
into the carrier using M3 screws. In the case of the Shift Register PCB there is also
a mounting point for a 40 mm fan to provide active cooling.

The Comparator and Level Shifter PCBs use the same carrier. It mostly functions
as legs with some mechanical bracing. However two ‘arms’ protrude to one side,
allowing to mechanically connect the PCBs to either the Shift Register or Demux
PCB carriers using M3 screws from the bottom side. The arms contain long slots,
allowing to adjust the distance between the PCBs (see fig. 3.23).
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3.3. Hardware Design

Figure 3.23.: The completely assembled interface with the FX3 SuperSpeed Explorer
Kit on the left on top of the Shift Register PCB and the Comparator
PCB to the right.
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4. Results

All modules were evaluated for their transfer performance and power usage. Meas-
urement setups are described in appendix A on page 61. Where possible, each
module was measured independently, to guarantee that any incorrectly transferred
bits can be attributed to the correct module. This was also essential in debugging
and verifying basic function in the development stage. First, each module’s transfer
performance (achievable bit rates) and reliability (bit errors) will be shown. Then,
power consumption and thermal distributions will be analyzed.

In cases where measurement issues, unexpected, and/or non-ideal performance
occurred, this will be pointed out. This chapter will focus on the results of the opera-
tion. Furthermore, discussion of the reasons for failures with possible workarounds
will be presented in chapter chapter 5 on page 45.

4.1. Performance Metrics

One of the most important metrics for performance of high-speed serial links is the
bit error ratio (BER). It is defined [39] as:

bit " number of bit errors (A1)
it error ratio = )
total number of bits transferred

An ideal digital communication system would have a BER of 0 whereas a perfectly
unreliable system would have a BER of 0.5 (= 5 x 107!), indicating a completely
random transmitted sequence.! In real systems, the BER is adversely affected by
factors such as noise, interference (e.g. crosstalk) and distortion.

A closely related and also often used metric to the bit error ratio is the bit error
rate, unfortunately also abbreviated as BER?. It is defined as the bit error ratio
multiplied by the bit rate. The result is the number of bit errors per unit of time.
While the bit error ratio is a relative measure (how many bit errors per transferred
bit), the bit error rate is an absolute measure (number of bit errors per unit of time).

Since the bit error rate scales with the bit rate and the modules are evaluated for a
wide range of bit rates, this thesis only uses the bit error ratio as defined in eq. (4.1).
This allows directly comparing BER measurements for different bit rates.

! This is due to each bit having only two possible states. If the BER would be 0.7 for example, the
transmitted binary sequence could be inverted and the BER would improve to 0.3.

2Confusingly, ‘bit error rate’ is sometimes used when the bit error ratio is actually meant. Always
check the definition if available.
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4. Results

Sequence Length of Sequence Length Max number of

Name LFSR (bits) Sequence Length . noocutive zeros
PRBS7 7 127 127 bit 6
PRBS15 15 32,767 32.77 Kbit 14
PRBS23 23 8,388,607 8.39 Mbit 22
PRBS31 31 2,147 483,647 2.15 Gbit 30

Table 4.1.: Commonly used PRBS sequences for testing serial interfaces.

Measuring the bit error ratio

To test the reliability of a serial link and measure the BER, a known test pattern
needs to be transmitted. This pattern needs to have a similar characteristic to a
random sequence, to guarantee various difficult transfer situations that stress the
interface (e.g. sequences of quickly alternating 1s and Os or long sequences without a
logic state change). It also needs to be fully deterministic, so its possible to check
for the presence of bit errors in the received bitstream (by knowing/generating the
ideally transferred sequence).

A commonly used pattern that fulfils these goals is the class of pseudo-random
binary sequences (PRBS) [40, p. 2|. These are generated by standard deterministic
logic elements, most commonly in a structure called linear feedback shift register
(LFSR) [17, pp. 975-977], [40, p. 4]. Depending on the size of the LFSR, these
patterns vary greatly in size, rising exponentially in powers of two. According to
CCITT recommendations [41], [42], a PRBS pattern consists of 2" — 1 bits, with
n being the length of the LFSR. The longest string of consecutive Os equals n — 1.
Thus, longer PRBS sequences stress the system more by having more variation in bit
patterns. However, they also take longer to (completely) transmit. Table 4.1 shows
the length of commonly used PRBS sequences.

4.1.1. Comparator PCB

The Comparator PCB has the job of guaranteeing clean, sharp transitions between
logic states and shifting voltage levels to LVPECL levels (as described in section 3.3.4
on page 29). BER measurements for different PRBS patterns and transfer speeds are
shown in fig. 4.1. PRBST patterns work without issues up to 3000 Mbit/s, with an
increase in BER to 2.72x 10~7 after that. PRBS15 works flawlessly up to 2000 Mbit /s,
rising to a BER of 6.33 x 107?. PRBS31 only works up to 2000 Mbit /s (see fig. 4.1).

Unfortunately, there were significant difficulties in measuring the BER. For higher
speeds (especially with harder PRBS patterns) it was not possible to achieve a sync
in the used bit pattern receiver (i.e. the pattern receiver couldn’t properly sample
the incoming data with the incoming clock). Without a sync, no BER measurement
could be done. This is the reason that data points at higher speeds are missing for
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Figure 4.1.: Transfer reliability for the Comparator PCB and different PRBS test
patterns. Most fitting Level Shifter PCB values added for comparison.
1 x 107" errors/bit is the measurement limit, i.e. data points at this
value represent zero measured errors.

the PRBS15 and PRBS31 patterns in fig. 4.1. These difficulties will be discussed in
more detail in section 5.2.1 on page 46.

4.1.2. Level Shifter PCB

If only level shifting is required, the Level Shifter PCB is an alternative to the
Comparator PCB that omits the comparator (as described in section 3.3.5 on page 31).
Its only purpose is shifting a differential data signal to LVPECL voltage levels.

According to the datasheet the level shifter IC can ‘accommodate any differential
signal within rails’. The input common-mode voltage can reach from 0.05V to
Vee — 0.05V, the differential input threshold voltage is as low as 100mV. The
switching frequency is guaranteed to at least 2 GHz, with the typical value at 2.5 GHz
and no stated maximum.

In the measurements, the achievable BER was strongly dependant on input common-
mode voltage. If the voltage is close to the rails, the chip handles the advertised
speeds and more. Between 0.75V and 1.75V the bit error ratio increases strongly,
with 1.25V being nearly unusable at speeds above 1500 Mbit/s, having BERs of
1 x 1072 and worse. The BER values are also wildly fluctuating at those speeds (with
1.25V) See fig. 4.2.

4.1.3. Shift Register PCB

One of the two variants to handle serial-to-parallel conversion is the Shift Register
PCB (as described in section 3.3.2 on page 22). This PCB uses daisy-chained shift
registers to handle the conversion.
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Figure 4.2.: Transfer reliability for the Level Shifter PCB and a PRBS31 test se-
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quence. Performance is strongly dependant on common-mode input
voltage, with a strong increase in bit errors in the range of 1V to 1.5V.
1 x 10~ errors/bit is the measurement limit, i.e. data points at this
value represent zero measured errors. The data points represent BER
measurements at different transfer speeds and input voltages. Measure-
ments for PRBS23 are shown in the Appendix in fig. C.3 on page 69 but
demonstrate roughly the same reliability.
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4.1. Performance Metrics

The BER measurements (fig. 4.3) show a complicated picture: Below 1330 Mbit/s
(apart from three unusable® bands of about 80 Mbit /s each), the PCB is functional,
which means that there were no measured bit errors. Then a larger unusable band
occurs up to 1480 Mbit /s.

Between 1480 Mbit/s and 2040 Mbit/s (with an unusable band at 1600 Mbit/s to
1710 Mbit/s) the PCB is semi-functional. It can transfer data without measured
bit errors, but every 9th bit is lost due to a systematic issue that will be explored
in detail in chapter 5. This makes it unusable for actual data transfer, but since
SPAD characterization measurements are stochastic in nature, it could still be used
in specific cases. A more detailed explanation as well as two ways to compensate for
this in PRBS testing will follow in section 5.2.2 on page 48.

4.1.4. Demux PCB

The alternative to the Shift Register PCB is the Demux PCB. It handles serial-to-
parallel conversion using cascaded demultiplexers and deserializers (as described in
section 3.3.3 on page 26).

Compared to the Shift Register PCB it allows for much higher transfer speeds (up
to 3310 Mbit/s). There is an unusable band at 1480 Mbit/s to 1670 Mbit /s, but all
other speeds up to the maximum are usable (see fig. 4.3).

As explained in section 3.3.2 on page 22, specifically in fig. 3.15, the output bits
are systematically at the wrong bit positions within each 32-bit word and need to be
corrected in software after measurement.

There is another issue: randomly, the output gets ‘doubled’, i.e. the same 32-bit
word is repeated once (or inserted an additional time). After that the rest of the
PRBS sequence continues as normal, but shifted by 32-bits compared to before the
word repetition. This can happen as early as after transferring 10 Mbit or as late as
after several transferred Gbit but most often in the range of several hundred Mbit
(allowing to measure BERs of up to 1 x 107® or better in one continuous measurement).
This can be detected algorithmically and potentially automatically compensated for
but needs to be taken into account when using it for measurements.

These issues (and some possible solutions) will be explored in section 5.2.4 on
page 50.

4.1.5. FX3

The FX3 handles USB communication and transfers to the PC. It is usable up
to a speed of 3050 Mbit/s (see fig. 4.3), slightly exceeding the maximum speed of
3000 Mbit /s given in the datasheet [24, p. 8], although speeds of up to 3586 Mbit /s
have been reported [28, p. 9]. In our case, above 3050 Mbit /s, the FX3 immediately
locks up and becomes unresponsive after starting a transfer, requiring a hard reset.

3Unusable meaning that the BER was either all the time or most of the time worse than 1 x 1072,
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Figure 4.3.: Comparison of usable frequency ranges.

The FX3 itself introduces no bit errors but has an issue with data integrity.
Randomly, 16.384 kB will get lost (i.e. they are missing from the transferred data). It
occurs after 1 Gbit of the transmitted sequence on average (still allowing to measure
BERs of 1 x 1077 or better in one continuous measurement). Outliers can go as low
as 10 Mbit or as high as several Gbit. 16.384 kB is the size of one DMA buffer. The
reason for this issue will be explored in section 5.2.5 on page 52.

4.2. Power & Thermal Analysis

The power consumption of all PCBs was measured for various transfer speeds (see
fig. 4.4). As mentioned in section 3.3.1 on page 18, an important factor when using
LVPECL logic levels is the number of terminations, since power consumption scales
with it. The Demux PCB has 30 LVPECL terminations (counting differential pairs
as two terminations since they are driven by two ECL drivers). The Shift Register
PCB has 140 LVPECL terminations. As expected, the Shift Register PCB has the
highest power consumption, surpassing 10 W (see fig. 4.4b).

Power hardly rises with frequency on the ECL-dominated PCBs (Level Shifter
PCB, Shift Register PCB, and Demux PCB). This is expected, as the ECL logic
family does not have much additional power loss while switching compared to other
logic families like TTL or CMOS [43], at the cost of much higher quiescent power
consumption. Active dissipation in TTL can be up to 25 times higher than in ECL
when driving identical load capacitors [44, pp. 45-46]. The Comparator PCB and
FX3 are dominated by CMOS technology and thus show a noticeable increase in
power consumption with higher transfer speeds (see fig. 4.4a).

Given the power consumption of the Demux PCB with approximately 5.5 W and
the Shift Register PCB with approximately 10.5 W, thermal considerations needed to
be taken into account as well. Both PCBs produce noticeable heat during operation.
The Demux PCB can still be passively cooled, peaking at 62.2°C and spreading the
heat over a large area (see fig. 4.8). Care should be taken to ensure proper airflow in
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Figure 4.4.: Power consumption of the different modules. Note how the CMOS-
dominated PCBs (Comparator PCB & FX3 Kit) rise in power con-
sumption with higher transfer speeds. The ECL-dominated PCBs (Shift
Register PCB, Demux PCB, Level Shifter PCB) hardly rise at all with

transfer speed.

case it will be enclosed.

The Shift Register PCB on the other hand both produces significantly more heat
and has that heat concentrated in a smaller area. This necessitates active cooling
using a 40 mm fan blowing over the PCB from the side. Using this, temperatures
peaked at 56.3°C (see fig. 4.7). Without active cooling, temperatures rose above
95°C, exceeding the maximum operating temperature of the shift register ICs of
85°C.

The Comparator PCB stayed under 45°C even when passively cooled (see fig. 4.5)
and the FX3 stayed at a cool 32.6°C.
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Figure 4.5.: Thermal image of the Comparator PCB. (a) Whole PCB. (b) Close-up
of the left hotspot of (a), with the level shifter IC on the bottom and the
comparator IC on top. For reference, a rendering of the corresponding
PCB is shown in fig. 3.19 on page 30.
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Figure 4.6.: Thermal image of the FX3 SuperSpeed Explorer Kit. The much warmer
Shift Register PCB can be seen in the background to the left.
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Figure 4.7.: Thermal image of the Shift Register PCB (without FX3 stacked on top).
A cooling fan blows air from the left in (a), creating the temperature
gradient. For reference, a rendering of the corresponding PCB is shown
in fig. 3.12 on page 25.
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Figure 4.8.: Thermal image of the Demux PCB (without FX3 stacked on top). For
reference, a rendering of the corresponding PCB is shown in fig. 3.16 on
page 28.
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4. Results

4.3. Summary

44

Bit error ratio (BER) is an important metric for characterizing the transfer
reliability of high-speed serial links. It is defined as the number of bit errors
divided by the total number of bits transferred.

BER is commonly measured using pseudo-random binary sequences (PRBS).
They exist in various sizes, with larger patterns introducing more ‘randomness’,
thus stressing the link more.

The Comparator PCB works over the whole transfer speed range with a PRBS7
pattern but can only reach 2000 Mbit /s with the much harder PRBS31 pattern.
This is below expected performance.

The alternative Level Shifter PCB can cover the whole transfer speed range and
allows nearly any differential input signal within rails. Contrary to the datasheet,
performance drops drastically at input common mode voltages from 1.00V to
1.50V, with BER rising above usable levels at 1.25V above 1000 Mbit/s.

The Shift Register PCB works up to 1130 Mbit/s but care needs to be taken to
choose a working transfer speed since some frequency bands do not work. For
characterization measurements of SPADs/APDs that can deal with every 8th
bit missing it is usable up to 2040 Mbit/s.

The alternative Demux PCB works up to 3310 Mbit /s but needs post-processing
in software to correct bit placement. It also has the issue of randomly repeating
32-bit words, typically occurring after several hundred Mbit but in some cases
as early as 10 Mbit or as late as several Gbit.

The FX3 works up to 3050 Mbit /s but the transferred data is randomly missing
~ 16 kB, the size of a DMA buffer. This happens mostly after at least 1 GB,
but can occur sooner.

Explanations and workarounds to the aforementioned issues are explored in the
next section.

A visual comparison of the usable transfer speed ranges is shown in fig. 4.3 on
page 40.

Power consumption scales with the number of PECL terminations but hardly
over frequency in PECL-dominated circuits (Level Shifter, Shift Register, and
Demux PCBs). The Shift Register PCB needs ~ 11 W, the Demux PCB ~ 6 W.
The other PCBs stay at or under ~ 1 W.

Waste heat produced by the Shift Register PCB is high enough to require active
cooling with a 40 mm fan. All other PCBs can be passively cooled.
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D.

Discussion

Every electronic system has limitations in performance, some more, some less. This
section will focus on things that went wrong, perform below expectations or suffer
from notable shortcomings. Design decisions will be discussed and possible causes for
issues as well as workarounds will be explored.

5.1. System Architecture

An essential decision to make at the beginning of the thesis was about the fundamental
approach to handle the serial-to-parallel-conversion (see section 3.1 on page 7). Two
potential strategies were considered: implement an FPGA-based solution, or make
the conversion using discrete components. Perceived advantages of the latter were:

1.

Easier troubleshooting: Any issues before entering the FX3 would be strictly
confined to hardware. No need to debug problems caused by bugs or mistakes
in the hardware description language (HDL) of the FPGA.

Easier assembly and rework: Nearly all FPGAs come in ball-grid array
(BGA) packages, with their pins below the chip. In case of bad solder jobs
(all boards were assembled by hand) or even just when reworking the board
or switching to a new revision of the PCB, the BGA chip would need to be
reballed. No in-house tools or expertise are available for a possible re-balling,
so an external service provider would need to be used.

Shorter design time: As no HDL code has to be written, simulated and
debugged, there would be less time needed to get out the (first) design and
evaluate if the approach is working or not. On a functional level and compared
to FPGAs, discrete components are small, easy to understand modular blocks
that can be verified (mostly) independently of others.

Better availability: At the time of the decision, there was a global supply
chain crisis, with much of the FPGA selection being out of stock and lead times
between months and years. The few available ones were usually high-grade
variants with unit costs of several hundred euros.

Better pricing: In addition to the limited availability mentioned in the item
above, custom FPGA hardware designs require a paid license for the FPGA
design software. This can be in the range of thousands of Euros per year.
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5. Discussion

Many of these assumptions would turn out to be wrong or at least it is highly
questionable that an FPGA-based approach would have fared much worse:

1.

Easier troubleshooting: While it is impossible to say how much work
troubleshooting an FPGA-based design would have been, the unfamiliarity with
LVPECL logic and some unwelcome surprises in the form of undocumented
behaviours of ICs (more on this later) led to months of troubleshooting, (re-
Jmeasuring and board revisions.

. Easier assembly and rework: This held true.

Shorter (hardware) design time: The large number of transmission lines
made routing on a four-layer board challenging and time-consuming.

Better availability: Discrete components were also hit by the supply chain
crisis. In addition, ICs handling such high speeds are quite specialized, with
only a small selection fit for the application. In practice, this actually made
selecting parts harder, because these chips were challenging and time-consuming
to find in the first place. Many other chips did not fit the application but
could not be filtered out at distributor or manufacturer websites, so dozens of
datasheets had to be read.

Better pricing: Because of the specialized nature of the discrete 1Cs their
unit costs were in the range of 5 to 20 € each. With several of these chips
needed for each design, costs quickly rose to what available FPGAs would have
cost. However, the yearly license fees could be completely avoided with the
discrete-approach.

Due to the perceived advantages at the time it was decided to go with the discrete

approach. The idea was to quickly get a design working and if it should turn out
to be unreasonable or impossible, the FPGA-based design could still be pursued.
In hindsight, it would probably have been a good idea to do just that early, before
addressing all of the issues encountered with the discrete designs.

But due to the designs often being seemingly just one ‘fix’ away from doing their

job as well as the already invested time and effort this point or decision was never
reached until it was too late to be reasonable within the scope of this thesis.

5.2. Performance Analysis & Limitations

As in the previous chapters, each module will be looked at separately.

5.2.1. Comparator PCB

As mentioned in section 4.1.1 on page 36, BER values for speeds above 2000 Mbit /s
for PRBS31 and above 2300 Mbit/s for PRBS15 could not be measured.
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Figure 5.1.: Qualitative comparison of data input signal with data output signal of
Comparator PCB at two different speeds. Locations of flipped bits are
(roughly) marked. Note how the limited slew rate at 3 Gbit/s prevents
reliably crossing threshold levels in fast switching bit sequences. Flipped
bits at 1 Gbit/s can be prevented with careful tuning but are included
here for demonstration purposes.

The reason for these measurement difficulties and underperformance could not
reliably be determined. One factor is that the slew rate is limited on the output
(see fig. 5.1). The cause of this is unclear however, as the level shifter IC (which
drives the output) can handle higher speeds, both according to the datasheet, as well
as measurements (as shown in section 4.1.2 on page 37). The output driver of the
custom comparator IC ought to be able to handle clock speeds of up to 7GHz [38,
p. 213], significantly surpassing the speeds used in this thesis.

In addition to the limited slew rate, there’s also an increasing number of flipped
bits in the data output at higher speeds, which could be attributed to any of the two
ICs but should happen with neither to the experienced extent.

Another factor is phase shift between the data signal and sampling clock. If the
shift is too large, the receiver will not be able to reliably sample the signal. This is
likely the most important factor, as performance was highly sensitive to changes in
phase shift.

Unrelated to these issues, the chip needs careful tuning of various parameters and
auxiliary voltages to perform well. This allows it to adapt the PCB to many input
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5. Discussion

conditions but is detrimental to usability. Thus, it should only be used in cases where
it is absolutely needed.

5.2.2. Level Shifter PCB

The BER of the level shifter IC is strongly dependent on input common-mode voltage
(see section 4.1.2 on page 37). The cause of this dependence is not known. The
manufacturer does not mention it in the datasheet at all. Instead, it is stated
that nearly any common-mode voltage is allowed [45, pp. 1-2, 5|, with no explicit
restrictions on switching frequency.

A possible cause could be that a rail-to-rail input stage is used, with both n-MOS
and p-MOS transistors. These can both be active simultaneously in the middle
of the supply voltage range, leading to degraded performance in this region if not
implemented well. Without knowing the internal makeup and topology of the chip,
it is impossible to say, however.

Unfortunately, SPICE simulation to check for this behaviour is not possible either,
as the manufacturer only supplies an IBIS model [46]. IBIS models only model the
electrical properties of the input/output pins of the IC, the inner workings are not
part of the model. Thus they only allow signal integrity simulations between two 1C
pins connected via transmission lines [47, p. 1].

Outside of the problematic input common-mode voltage ranges, however, the IC
performs well, even exceeding specifications and is basically plug-and-play.

5.2.3. Shift Register PCB

This approach to serial-to-parallel conversion came with a lot of issues. As shown
in section 4.1.3 on page 37, there are several unusable transfer speed bands spread
across the bandwidth. This is because there are at least 11 critical paths regarding
clock distribution and delays (see fig. 3.21 on page 31). The various shift registers
and latches only have little tolerance for clock mismatch. The unusable bands likely
occur at speeds where the non-ideally compensated delays lead to unstable outputs,
most importantly, unreliable sampling of the latches.

Originally the plan was to individually configure clock delays with the programmable
clock divider and fanout described in section 3.3.2 on page 22 since it also has built-in
delay circuitry for each output channel. This was problematic due to two reasons:
the divided clock (that is routed to the latches) can only be delayed in 8 steps of
131 ps each, which is rather coarse compared to the possible high-speed clock’s period
(down to ~ 315 ps). More importantly, while the datasheet says the high-speed clock
(that is routed to the shifters) can be delayed in 256 steps, it was overlooked that the
step size is the (input) clock period. In other words, delaying the high-speed clock
would only be possible for divided clock outputs, not the high-speed ones, which use
the input clock directly.

Another large issue, which is not mentioned in the datasheet limits the top speed
of the PCB to 1330 Mbit/s without workarounds. While the shift register ICs can
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Figure 5.2.: Workaround for the Shift Register PCB to make BER measurements
using a PRBS7 sequence. Bit numbers denote the position within the
PRBST7 sequence starting with 1, ending with 127 and repeating after
that. Rows show the first and last outputs of each shift register. The
upper part shows the regular output and the lower part shows the output
above the critical speed as well as the needed correction for PRBST7.

handle speeds up to 5 GHz, this only applies to a single IC. With four 8-bit shift
register ICs daisy-chained together to get to 32-bit shift width, the input-to-output
propagation delay needs to be taken into account as well. The shift register ICs add
550 ps—800 ps of delay, a 1:2 fanout (with one output going to the FX3 and one to
the input of the next shift register IC) adds 155 ps—265 ps and the PCB traces add
another ~ 90 ps, giving a total of 795 ps—1155 ps. The period of a 1000 Mbit/s signal
is 1000 ps which is in that range.

This means that these delays surpass the periods of higher bit rates used in this
application. Above a bit rate of 1480 Mbit /s an issue starts to appear: the last output
of the shift register generated on one clock edge reaches the second shift register IC
during a clock edge after the next clock edge. In other words, there is an unwanted
delay of one or more clock cycles. The effect of this is that above the critical speed,
the outputs of the second shift register IC are ‘shifted’. Example: Imagine a serial

49



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5. Discussion

input bit word of 32 bits, with each bit numbered from 1-32. Ideally the parallel
output word would be bits 1-8 for the first shift register, 9-16 for the second shift
register, and so on. Above the critical speed instead you would get: 1-8, 8-15, 15-22,
and 22-29. Bits 30-32 are now missing and the outputs of shift registers 2, 3 and
4 are shifted by one bit. This repeats for the next 32 input bits and so on. So the
output of the first shift register is always ‘correct’, while the outputs of the second to
fourth shift registers are shifted and also missing one bit each. This behaviour can
also be reproduced in simulation.

There is a way to work around this however, at least for BER measurements using
PRBS sequences. Since PRBS sequences always have a length of 2" — 1, which is not
divisible by 32, it is guaranteed that all parts of a PRBS sequence will occur within
the output of each shift register eventually. It is possible to construct the correct
PRBS sequence by shifting the output of the ‘wrong’ shift registers depending on the
used PRBS pattern (fig. 5.2). Note that this still means that every 30th to 32nd bit
is missing, we just manipulated the output in such a way, that a continuous measured
PRBS sequence is achieved. Since the BER measurement usually is stochastic in
nature, with bit errors occurring randomly, this should still give correct results in
those scenarios. If, however, the device under test had some error that systematically
flips every nth bit or similar, this workaround could distort the resulting BER and
should be avoided.

Another workaround would be to remove every 30th-32nd bit from the ideal PRBS
sequence the measurement is compared to and removing every 8th, 15th, and 22nd
bit from the measurement. This may be easier than determining the correct shift
offsets of the above method but comes with the same limitations.

5.2.4. Demux PCB

While the Demux PCB works much better than the Shift Register PCB, it still has
an unusable band between 1480 Mbit/s to 1670 Mbit/s. This is likely due to not
perfectly compensated delays. Since the Demux PCB is much simpler and the ICs
divide the clock themselves, clock mismatch is a much smaller issue, however, leading
to only one unusable band.

Regarding transfer speed, the upper limit exceeds the 3200 Mbit/s the FX3 can
handle. There is the ‘cascaded demultiplexer problem’ to consider, as explained in
section 3.3.3 on page 26, specifically fig. 3.15. This is not a performance issue, it just
makes evaluation in software after measurement more complicated.

A genuine problem, however, is the problem with ‘doubling’ output words, i.e. the
same 32-bit word is repeated once (or inserted additionally). A possible explanation
for this would be if the synchronous clock fed to the GPIF II interface of the FX3
had an errant double pulse, leading to it sampling the input twice. However, it was
not possible to observe or trigger this behaviour even once using an oscilloscope.

A possible workaround in software exists for BER measurements using PRBS
sequences. The idea would be to detect if a 32-bit chunk of the measurement repeats
and if so, remove it. In an ideal PRBS sequence, it is impossible for a 32-bit sequence
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Figure 5.3.: Four possible startup behaviours for a 1:4 deserializer. These differ in
startup time, thereby changing which input bit is considered the first.
Edges on the outputs shift accordingly. The first bit is output to the
first output pin of the deserializer (Output Data 1), then the second
(Output Data 2, not shown), and so on. Bit No. 5 is then output to the
first output pin again. A more comprehensive variant of this figure with
all outputs is shown in fig. C.2 on page 68.

to repeat (within one sequence). With enough bit errors at the wrong locations, it
would be possible, although unlikely, so this workaround isn’t perfectly robust.

A more robust way of detection would be to calculate the BER in chunks (by
comparing the measurement with the ideal sequence piece by piece). If BER suddenly
jumps to ~ 5 x 107!, somewhere within the observed chunk a doubling error occurs.
Detecting the error opens the way to algorithmically remove it.

There exists another unforeseen limitation which does not affect performance: The
eight 1:4 deserializer ICs that are cascaded after the 1:8 demultiplexer have random
startup times. Because of this, each deserializer misses varying amounts of bits before
startup. After startup, the outputs are updated every fourth bit, with the first
incoming bit mapped to the first output and so on. As a result, the eight deserializers
start deserializing out of sync respectively to each other, having different bit orders
and edge timings on the outputs (fig. 5.3). This behaviour is not mentioned in the
datasheet.

The manufacturer built in a solution for this issue: there is a ‘SYNC’ pin that shifts
the incoming bit which is considered the first by one bit. For example, this would
change an initial ‘1/4 delay’ state to the ‘2/4 delay’ state in fig. 5.3. Unfortunately,
this means that upon startup one needs to do a manual synchronization procedure,
checking the output shift of each deserializer to the first one, and applying the correct
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5. Discussion

Figure 5.4.: The easiest way to send synchronization pulses to a deserializer is to
briefly short the positive input SYNC pin with GND using a metal object.
The relevant pads are marked.

number of SYNC pulses. Fortunately, a pulse or function generator is not necessarily
needed for this, it is enough to simply short the positive SYNC input to GND with
a metal object, e.g. the pin of a standard pin header or a small screwdriver (see
fig. 5.4).

If the SYNC worked in a way that a pulse did not shift the output but ‘reset’ it,
i.e. the first bit is the one that arrives after the pulse, then it could be used as a
quick and easy global reset signal. Unfortunately this is not the way it works, so the
explained manual procedure is needed, which adds several minutes of work after every
startup. The startup states are random, it is not possible to send a fixed number of
correcting pulses to each deserializer.

5.2.5. FX3

The FX3 performs slightly below expectations, falling short several percent of the
maximum 3200 Mbit /s by locking up above 3050 Mbit/s. Below, it performs well at
all speeds.

There is an important limitation: As mentioned in section 4.1.5 on page 39,
randomly, 16 384 kB will get lost. This is the size of a single DMA buffer. It can
happen that the USB host (i.e. the PC) is busy with other tasks and doesn’t empty
the buffers fast enough. The buffers fill up and the next incoming packet is dropped.
Since the host operating system (Windows) is not a real time operating system
(RTOS), it can’t be guaranteed that the buffers are handled in time. Therefore,
dropping of some data cannot be avoided.

Other factors contributing to dropped data due to full buffers, are:

1. Shared bandwidth with other devices: USB devices often share bandwidth
with other USB devices, several ports may map to the same USB host controller.
In addition, the host controller may be sharing traffic with other peripherals
on the motherboard chipset’s internal PCle lanes to the CPU. Don’t use USB
hubs and — if available — check the motherboard’s block diagram to figure out
which USB ports on the rear of the PC are connected directly to the CPU.
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5.3. Improvement Suggestions

2. Storage medium too slow: A hard disk drive (HDD) will likely be too slow
for the higher transfer speeds. Use a solid-state drive (SSD). More speed is
advantageous (with the SSD’s cache also being a relevant factor). Benchmarks
indicate however that all SSDs (connected via at least 6 Gbit/s SATA) can
handle the maximum possible sustained write speeds.

3. USB host controller: The used USB host controller can have a considerable
influence on the achievable throughput. Some host controllers are 20 % slower
than others |28, pp. 13-14].

A solution to this would be to implement flow control. If the host’s buffers fill
up, a signal is sent to the FX3 to wait sending new data until a signal to resume
transmission is sent. This reduces effective throughput (depending on the number of
pauses) [48, p. 117| but guarantees that no data will be lost. This works for transfers
like getting data to or from an external storage. However, the use case of this thesis
is a streaming application; The device under test can’t be told to wait. Data comes
in continuously and the FX3’s DMA memory is not large enough to buffer much data.
In typical streaming applications like audio or video it is not a big issue if there is a
small amount of data loss; It just leads to a momentary loss in service quality.

In this case it is an issue, but a minor one, because — as mentioned in section 4.1.5
—a BER of 1 x 107 and better can be measured in a single continuous measurement
most of the time, which is lower than the typical BER of SPADs. Dropped buffers can
also be detected with the same method explained in the above section: calculating
BER in chunks and checking for a jump in BER to ~ 5 x 107!

It should be noted that dropped data due to full DMA buffers does not occur less
frequently if transfer speed is reduced. In the range of 500 Mbit/s to 3000 Mbit/s
there was no indication of any dependence of transfer speed to the amount of average
transferred data until first data drop.

5.3. Improvement Suggestions

This section outlines some possible improvements for the given parts of the system.

5.3.1. System Architecture

Given the experiences of this thesis with the discrete approach, I would recommend
pursuing an FPGA-based approach. The key requirements for an FPGA would be
to have an integrated Serializer /Deserializer (SerDes) block that can handle input
speeds of up to 3.2 GHz and enough digital outputs for 32 data lanes as well as a
clock lane (all single-ended).

The discrete approach solutions can be enhanced further nonetheless, as explained
in the next sections.
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5. Discussion

5.3.2. Comparator PCB

Unfortunately it could not be reliably determined what caused the underperformance
of the Comparator PCB. Without knowing the cause, it is difficult to recommend
any improvements. A start would be to isolate it from the Level Shifter IC, to be
able to debug it properly. As mentioned in section 5.2.1, special care should be taken
to minimize the clock and data phase shift, as this is likely the most important factor
for degraded performance.

5.3.3. Level Shifter PCB

The only issue here was an unexpected dependence of the speed on common-mode
input voltage for performance. This is an issue of the IC itself. This was (at the time
of part selection) the only available off-the-shelf level-shifter IC that could handle
both the speed as well as the 0.6 V common-mode voltage the comparator IC outputs.

5.3.4. Shift Register PCB

The most critical issue here is delay mismatches. Properly controlling of all delays
would give a broader usable range of transfer speed. The large number of critical
clock paths likely makes changes uneconomical though. The issue with the upper
speed limit of 1330 Mbit/s remains, however and can’t be solved as long as the shift
registers are daisy-chained.

5.3.5. Demux PCB

Delay compensation could be improved upon to remove the unusable transfer band
of 1480 Mbit /s to 1670 Mbit/s. The ‘cascaded demultiplexer problem’ cannot easily
be solved in hardware, at least on four-layer PCBs.

Big improvements could be made to automate the startup synchronization pro-
cedure: due to the complexity, it will require a microcontroller and some analogue
circuitry. It needs to be able to measure the phase offset of the output clocks of each
1:4 deserializer to the first, so 7 phase offsets. The signals that have to be compared
can have a maximum speed of 100 MHz. If a phase offset exists, the corresponding
number of pulses need to be sent to the respective deserializer (one pulse for 90°, two
pulses for 180° and three pulses for 270°). The goal is to have no phase offset on all
8 deserializer clock outputs.

Another improvement would be part placement. The micro-USB port at the back
of the FX3 (that gives access to the JTAG debugger as well as the UART debug
console) is partly blocked by one of the heat sinks. It can still be used by pulling the
FX3 halfway out of the pin header that connects it to the Demux PCB but this is
not ideal of course. In normal usage, the debug port is not needed however.
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5.3. Improvement Suggestions

5.3.6. FX3

There is the option of changing the DMA channels in the FX3 firmware from ‘AUTO’
operation to ‘MANUAL’. This would allow the FX3 CPU to modify bits in the
data stream, e.g. include information like input frequency, frame start and end
sequences, or frame numbering to easily detect dropped data due to full buffers, etc.
It would possibly also allow to correct the ‘cascaded demultiplexer problem’ shown
in section 3.3.3 and fig. 3.15 before sending the data to the PC. However, ‘MANUAL’
DMA channels come at the cost of throughput, because the data can’t be directly
sent to the consumer socket by the DMA controller, instead being handled by the
CPU |25, p. 80].

There is potentially also a way to detect buffer overflows from the FX3 side. When
the FX3 buffers overflow (due to the host not emptying buffers quickly enough),
a CYU3P_PIB_ERR_ THRX WR_ OVERRUN event is triggered in the FX3
firmware [49]. While this can’t prevent overflows, this could potentially be used to
figure out the exact location in the streamed data and to send this information to
the host.

5.3.7. Windows application

The windows application shown in section 3.2.1 on page 18 is perfectly functional, yet
a bit bare-bones. Only the raw data is transferred, any associated metadata (transfer
speed, measured device, type of measurement, measurement date/time, notes, etc.)
must be recorded manually. It would be nice to add additional fields for these within
the application’s GUI and save these in an additional file next to the file with the
transferred data. Suitable file formats would be YAML, JSON or CSV.
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6. Conclusion & Outlook

The goal of this thesis was to develop and evaluate a USB interface capable of
streaming incoming digital data from Single-Photon Avalanche Diodes (SPADs) or
similar photodiodes to a PC via USB. This goal was achieved, albeit with some
notable limitations.

For USB connectivity a CYUSBSKIT-003 EZ-USB FX3 SuperSpeed explorer kit |1]
was used. For the interface, a topology of SPAD =- comparator /level shifter = serial-
to-parallel conversion = FX3 = PC was chosen. This involved designing custom
four-layer PCBs for the comparator/level shifter and serial-to-parallel conversion
stages. Each stage was implemented on its own PCB to aid debugging and modularity.

The comparator /level shifter was implemented in two configurations: one PCB
integrated both a comparator and a level shifter, while the other featured only a
level shifter. The serial-to-parallel conversion was achieved through two different
topologies: one utilizing daisy-chained shift registers (Shift Register PCB) and the
other using cascaded demultiplexers/deserializers (Demux PCB). Firmware for the
FX3 was developed!, including a simple state machine for the FX3’s GPIF II interface.
In addition, there is an easy to use windows application for initiating or stopping
data transfers from the interface.

Results show that the whole interface is usable up to 3050 Mbit /s, approaching
the theoretical maximum speed of the USB connection of 3200 Mbit/s. However,
performance varied across modules. The Comparator PCB operated effectively with
a PRBS7 pattern but was unable to meet the expected performance with the more
complex PRBS31 pattern, achieving a maximum speed of 2000 Mbit/s. In contrast,
the Level Shifter PCB supported transfer speeds of up to 3200 Mbit/s and any
differential input within rails but experienced significant performance degradation at
input common mode voltages between 1V and 1.5V.

The Shift Register PCB can be used up to 2040 Mbit/s but has every 8th bit
missing from the streamed data above 1330 Mbit/s. The Demux PCB and FX3 can
reach speeds of 3310 Mbit/s and 3050 Mbit/s, respectively, though both face issues
with data integrity and missing bits.

A discrete component strategy was chosen over an FPGA-based one for the serial-to-
parallel conversion stage due to perceived advantages such as easier troubleshooting,
assembly, shorter design time, and reduced costs. However, many of these assumptions
would prove to be misguided as the discrete designs led to significant challenges in
troubleshooting, little flexibility and unsatisfactory performance results.

1Code can be accessed on a CD in the physical copy, online at github (https://github.com/
Fivefold/fx3_usb_interface) or the Internet Archive (https://archive.org/details/fx3_
usb_interface)
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6. Conclusion & Outlook

6.1. Comparison with high-speed oscilloscopes

Compared to high-speed oscilloscopes the USB interface has several distinct advant-
ages:

Capture length: Oscilloscopes can capture data only up to their acquisition memory

depth. Depending on the price of the oscilloscope this can range from 50 Mpts
up to a few Gpts. If saving and transmitting the data to a PC is the objective,
a new capture (beyond what fits into the acquisition memory) will not happen
fast enough to achieve a continuous capture — at least on higher sample rates
and acquisition depths?.
The USB interface is not limited in this regard. Data can be continuously
streamed (with the known data integrity issues) up to 3050 Mbit/s. Given a
high enough input data speed, 10 or even hundred Gbit can be transferred to
the PC within seconds.

Cost: While high-speed oscilloscopes with bandwidths of several GHz cost above
10000 € and can surpass 100000 €, the total cost of the interface is in the range
of several hundred euros (depending on which module or configuration is chosen)

Usability: Oscilloscopes need careful setting up of triggers and various other paramet-
ers. The USB interface as a whole is mostly plug-and-play. With improvements
(see section 6.3) it could become fully plug-and-play.

The biggest disadvantage of the USB interface compared to high-speed oscilloscopes
is the severely degraded data resolution. While each sample of an oscilloscope has a
resolution of 12 bit or more, the USB interface has a resolution of 1bit, i.e. logic-high
or logic-low. For SPAD and APD characterization purposes this is not necessarily
an issue though. For many measurements, it is enough to measure the number and
approximate width of pulses, the exact waveforms are not needed (for details refer to
section 2.1 on page 3).

6.2. Module comparison & Usage Recommendations

Since three of the four modules come with relevant limitations, it is important to
decide in which case to use which module. Table 6.1 gives a brief summary and
comparison.

For the first part of the interface the choice is between using the Comparator
PCB or Level Shifter PCB. Since the latter is much easier to use and also has better
performance, it should be preferred over the Comparator PCB unless the differential

2There are ways to improve acquisition memory utilization on higher-end scopes if there are long
idle times in the signal between relevant captures by cutting out the idle parts of the waveform.
Keysight calls this ‘segmented memory’, Tektronix uses ‘FastFrame’. However, this is still limited
by acquisition memory depth and it is not a continuous capture.

o8



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6.2. Module comparison & Usage Recommendations

Module Comparator PCB Level Shifter PCB

Performance Up to at least 2000 Mbit /s* Up to 3200 Mbit /st

Ease of use  Careful tuning required No special requirements, ‘plug and
play’

Limitations  No special limitations No special limitations

*Depending on PRBS sequence, see fig. 4.1 on page 37.

"Depending on input common-mode voltage, see fig. 4.3 on page 40.

Module Shift Register PCB Demux PCB

Performance Up to 1330 Mbit/s fully functional, Up to 3310 Mbit /s®
up to 2040 Mbit /s semi-functional*

Ease of use  Turn on, apply valid input clock, Manual Synchronization procedure

press CAL button upon each startup (takes several

minutes)
Limitations  None below 1330 Mbit /s, above that Randomly repeats a 32-bit word
every 30th—32nd bit is missing (after hundreds of Mbit on average)

tFive narrow unusable speed bands over the whole range, see fig. 4.1 on page 37.

$Unusable band from 1480 Mbit/s to 1670 Mbit /s.

Module FX3

Performance Up to 3050 Mbit/s
Ease of use ~ Turn on, start windows application, select destination, press button

Limitations  ~16kB (one DMA buffer) get dropped randomly (after 1 Gbit on average,
depends on host system)

Table 6.1.: Summary and comparison table for the different modules, with modules
fulfilling the same or similar tasks shown next to each other.

input voltage swing is too small (< 100mV) or the input common-mode voltage is in
the range of 1V to 1.5'V.

For the serial-to-parallel conversion the decision is more complicated. If the input
speed is below 1330 Mbit /s, then the Shift Register PCB should be preferred unless
the input frequency is in one of the unusable bands (as shown in fig. 4.3 on page 40).
This is because the Shift Register PCB is easier to use and does not suffer from the
repeated 32-bit words issue.

Above 1670 Mbit/s, the Demux PCB should be preferred, as it doesn’t lose bits like
the Shift Register PCB does at those speeds.

Between 1330 Mbit/s and 1670 Mbit/s there is only the Shift Register PCB in its
semi-functional operating mode, and only in the range of 1480 Mbit/s to 1600 Mbit/s.
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6. Conclusion & Outlook

6.3. Outlook

While the interface is functional, its usability is compromised by data integrity issues.
Further optimizations or alternative design choices are needed. For future work, I
recommend pursuing an FPGA-based solution with the lessons learned in this thesis.
The FX3 firmware could still be used and the Comparator and Level Shifter PCBs
could be useful in FPGA-based designs as well. An FPGA-based solution could get
rid of the data integrity and usability issues of the implemented serial-to-parallel
conversion stage while increasing flexibility at the same time. This comes at the
cost of yearly license fees for FPGA design software, which can be in the range of
thousands of Euros or more per year.

If improving the implemented designs is preferable, several suggestions are listed
in section 5.3 on page 53.
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Appendix A.
Test Setups

The following measurement setups describe the setups used to independently verify
the function and measure the performance of each part of the USB interface. The
whole interface was also measured but is not pictured; it looks nearly identical to
fig. 3.1 on page 8, just with the SPAD & Gater Circuit on the input replaced with a
bit pattern generator (to rule out the SPAD as a source of errors).

The measurement setups for Demux and Shift Register PCBs (fig. A.1) as well as
Comparator and Level Shifter PCBs (fig. A.2) are quite similar; both use a Centellax
TG1C1-A clock synthesizer and a Sympuls Aachen BMG 12GIG bit pattern generator
on the inputs. They differ in the outputs. Because the Demux and Shift Register
PCBs have a parallel output bus, their outputs are measured with an Agilent 16823A
logic analyzer. The Comparator and Level Shifter PCBs retain their high-speed
differential serial signals and thus these can be fed to a Sympuls Aachen SBF 10GIG
bit pattern receiver.

) - N 2
Clock 19V 33V
Synthesizer Bias Supply
\ J \ | J
D s N s a /" N\ /ﬁ
atat > 10 dB »  Bias Tee
| Attenuator ) L ) Data
D t 4 ' | \ _/‘9}2_>
ata-
Dicital > 10.dB >  Bias Tee PCB
g \_Attenuator ) L ) (Demmux or Logic
Pattern 1 ! ) Shift Analyser
Generator | . Clock+ 10 dB - i L :
Attenuator L Bias Tee ) Register) Clock
I - — -
Clock- 10 dB [ )
--------- - F--B>
\ J l>[ Attenuator } L Bias Tee ) \ J \. J
Figure A.1.: Measurement setup for independently measuring the Shift Register and
Demux PCBs.
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Appendix A.

Test Setups

Figure A.2.: Measurement setup for independently measuring the Comparator and
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Level Shifter PCBs.

had to be used together with the FX3.

Figure A.3.: Measurement setup for independently measuring the FX3 SuperSpeed
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The measurement setup for the FX3 kit is shown in fig. A.3. The device on the left
is an Agilent 16823A logic analyzer with a built-in pattern generator. Unfortunately,
due to issues with signal integrity between the pattern generator outputs and the
FX3 inputs, only speeds up to about 10 MHz bus speed or 320 Mbit /s could be tested
independently. For higher speeds, at least the serial-to-parallel-conversion module
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Device PC 1 (‘lab’) PC 2 (‘office’)

Operating System Microsoft Windows 10 Microsoft Windows 10 Pro
Education

OS Version 10.0.19045 Build 19045 10.0.19045 Build 19045

CPU Intel Core i7-4770 AMD Ryzen 5 7600

Frequency 3400 MHz 3800 MHz

Core count 4 6

L1 Cache (per Core) 64 KB 64 KB

L2 Cache (per Core) 256 KB 1 MB

L3 Cache (shared) 8 MB 32 MB

RAM 32 GB DDR3-1600 32 GB DDR5-4800

BIOS version Hewlett-Packard LO1 American Megatrends In-
v02.78, 20.02.2020 ternational, LLC. 1.28,

28.07.2023
Mainboard Hewlett-Packard 18E4 ASRock B650M PG Light-
ning

Chipset Intel Q87 AMD B650

USB 3 ports (directly 0 4 % SuperSpeed USB

connected to CPU) 10 Gbit/s

USB 3 ports (connected 6% SuperSpeed 5 Gbit/s 5% SuperSpeed USB

via chipset to CPU) 10 Gbit /s

Table A.1.: Specifications for two PCs used for testing the USB interface.

Two PCs were used to evaluate the FX3: The ‘lab’ PC was used for most of the tests
and showed the behaviour with missing DMA buffers, as described in section 5.2.5 on
page 52. The ‘office’ PC was used during initial firmware development and to verify
basic functionality at low transfer speeds (significantly below 500 Mbit/s). Because
there was no access to a high-speed bit pattern generator near the ‘office’ PC, testing
at higher transfer speeds, and especially with PRBS sequences, was not possible.
Therefore, it could not be tested if the issue of missing DMA buffers discussed in
section 5.2.5 on page 52 occurred less than with the ‘lab’ PC. Thus, it can only be
stated that the FX3 also ‘works’ on the second (‘office” PC) but no comparison is
possible. Specifications for both devices are shown in A.1.
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Appendix B.

PCB stackup considerations

Ott defines six design objectives for multilayer boards:

1. A signal layer should always be adjacent to a plane.
2. Signal layers should be tightly coupled (close) to their adjacent planes.
3. Power and ground planes should be closely coupled together.

4. High-speed signals should be routed on buried layers located between
planes. The planes can then act as shields and contain the radiation from
the high-speed traces.

5. Multiple-ground planes are very advantageous, because they will lower
the ground (reference plane) impedance of the board and reduce the
common-mode radiation.

6. When critical signals are routed on more than one layer, they should be
confined to two layers adjacent to the same plane.

[33, p. 637]

The four-layer stackup used in this thesis (see fig. 3.9 on page 21) can only satisfy

conditions #1 and #2. It could be argued that #5 is partly met as well in the areas
where ground islands were used on the power layer.
A non-conventional approach would be to make the top and bottom planes both
ground planes and use the two inner layers for signals as well as routed power. This
would satisfy conditions #1, #2 and #4. This comes at the restriction of having
to (fully) route power on the signal layers and it makes troubleshooting and board
reworking much harder, so it was ruled out.
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Appendix C.
Additional Figures and Data

Action Settings
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@ Up counter
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Figure C.1.: Screenshot of the GPIF II state machine within the GPIF II Designer
application of the FX3 SDK. A more abstract representation (and

explanation) is found in fig. 3.5 on page 13.
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Appendix C. Additional Figures and Data
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Figure C.2.: Four possible startup behaviours for a 1:4 deserializer. These differ in
startup time, thereby changing which input bit is considered the first.
Edges on the outputs shift accordingly. The first bit is output to the
first output pin of the deserializer (Output Data 1), then the second
(Output Data 2), and so on. Bit No. 5 is then output to the first output
pin again. This is a more comprehensive variant of fig. 5.3 on page 51.
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Figure C.3.: Transfer reliability for the Level Shifter PCB and a PRBS23 test sequence
(instead of the more difficult PRBS31 sequence). Performance is strongly
dependant on input bias voltage, with a stark increase in bit errors in
the range of 1V to 1.5V. 1 x 107! errors/bit is the measurement limit,
i.e. measurements like this meant no measured errors. Comparison with
the PRBS31 variant in fig. 4.2 on page 38 shows an improvement at 1.00
V bias voltage, but mostly the same reliability otherwise.
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Appendix D.

Schematics and Layouts

D.1. Comparator PCB Schematics

The following pages show the schematics as well as the layout of the Comparator PCB.
Its structure and functionality is described in section 3.3.4 on page 29. The Shift
Register PCB is only the MAX9376 level shifter IC (labelled U4 in the schematic),
its associated bypass capacitors (C26, C27), the data SMA connectors (J1, J4, J8,
J9) and the Power IN section of the schemativ (J7, C25, R6, R9, D1, D2). For this
reason, schematics and layouts will be omitted as they can be inferred from the
Comparator PCB schematics and layout.

Because the schematics are created with an EDA software (KiCad), they don’t
feature visible page numbers of the thesis but instead use their own internal numbering
system. They are still counted as pages of the thesis however, so pages after the
schematics feature the correct page number.

Note that the schematics follow a hierarchical design. Components have a yellow
background colour, while hierarchical sheets have a white background colour (see
fig. D.1). This is primarily a helpful tool in the used EDA software (KiCad) because
it allows functional abstraction as well as reuse of repeating parts of the schematic.

1:32 data division

RESET DATA:32
UL {C}o—
MIC2250 o iNe CLK+D}
5 [ 1 | DN CLK-D
| 4] 3

o
EN = FB CLK{A}
(&)
CLK:32{B}
(@]

File: division.kicad_sch

(a) Component (b) Hierarchical sheet

Figure D.1.: Examples for different schematic symbol types.
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All layout figures are to scale and viewed from the top.

D.2. Comparator PCB Layout

Appendix D. Schematics and Layouts
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D.2. Comparator PCB Layout

Figure D.2.: Top side copper of the Comparator PCB. Used for signals as well as
voltage rails.

Figure D.3.: Top inner layer (Inl) copper of the Comparator PCB. Used for voltage
rails as well as a ground island.

Figure D.4.: Bottom inner layer (In2) copper of the Comparator PCB. Used as a
ground plane.

Figure D.5.: Bottom side copper of the Comparator PCB. Used for signals.
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Appendix D. Schematics and Layouts

D.3. Shift Register PCB Schematics

The following pages show the schematics as well as the layout of the Shift Register
PCB. Its structure and functionality is described in section 3.3.2 on page 22.

Because the schematics are created with an EDA software (KiCad), they don’t
feature visible page numbers of the thesis but instead use their own internal numbering
system. They are still counted as pages of the thesis however, so pages after the
schematics feature the correct page number.

Note that the schematics follow a hierarchical design. Components have a yellow
background colour, while hierarchical sheets have a white background colour (see
fig. D.6). This is primarily a helpful tool in the used EDA software (KiCad) because
it allows functional abstraction as well as reuse of repeating parts of the schematic.

1:32 data division

RESET DATA:32
u1 {C}o——
MIC2250 D—IN+ CLK+D
5 VIN  Sw 1 D—IN— CLK-O4
()
EN 2 FBi2 CLK{A}
CLK:32(B}
~N
File: division.kicad_sch
(a) Component (b) Hierarchical sheet

Figure D.6.: Examples for different schematic symbol types.
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This circuit contains two 8-bit shift registers. The first one acts as a shifter but has a
non—latching output, i.e. the 8 parallel outputs are shifted by 1 bit each but are still at
the input frequency.

The second shift register acts as a latch, being triggered by the 1/32 divided clock.
Jakob Essbiichl | Vienna University of Technology

Sheet: /1:32 data division/Shift Register Block 4/
File: shiftregister_end.kicad_sch

—
©
o
S
2 T i p) T 3 T [ I 5 I
) T
> |
% |

|
% 9-bit Shift register for shifting | 9-—bit Shift register used as
= | from serial in to parallel out | a latch with 1/32 clock +1V35 +3V3
2 I |
acj = ! €56 R39 R40
) g | 2.2u 50 50
§ = GND 2.2u |2.2u |2.2u 2.2u|2.2u|2.2u

— CLK_MHz+D A4
=) i CLK_MHz-D> cs57 [cs8 [cs9 c60]co1 {62
': q +3V3
55
i=l=
G F o '\IN' u12
o [ 2.2u [2.2u [2.2u 2.2u] 2.2 2.2u S[S[M]  Mc1o0EP142MNG
n |
0 8 [CRCNE] 10
= 50 [cs1 [cs2 53] cs4] css RESET 9 Z;L £ gg 11 gg?
o +1V 4 V35 4 V35 +1V 4 Lerko Q2 iﬁ DQ2
g oo'r\-ono o| ~[ o 0] | ~| 0| v m'!\ | | HXLKO 2215 ggi
S RESETD RESET CN5|J- | RNS |I N6 [L2 CN6 >oPELKL Qs [18 oo
= +1V35 +3V3 ’ otul T 50 s0 L[ 0.-1u s Q6 H2 Q6
a ol ] u11 ‘-||Nm<r NS NS ‘—||Nﬂ<r 215N a7 |20 57+
- s 9 S|M  MC100EP142MNG 5 %5 3dT=m a7 |2 Q7
3 220 Blsel 988 qoHl Q0 17po Qs 22«
Q R34 R36 91wr ~ > qufiL Qlo 310y
S |B 50 50 . @Mz a2 30] 5o
s CLK_GHz+D o PELKO Qs[Ls Q3o 293
o CLK_GHz-Dr ° . SELKO Qi L5 Q4o . 27| py
7] *2peLKL Q5 [18 Q50 26] e
0 *-OEIKL Q6 19 Q6o 25| e
IS S—IN+D ? 215N a7 20 %" §‘3' 07
c S—IN-D i 5-IN Q7 g = jvzg  Keep traces < 10 mm ¥HD8 wuwuw
2 50 50 %24 DO Q8 =X + -
5 +1v3R3S R37 s3L p1 288 HSPE —= 9| &M
539 po HS7

% 3529 D3 Heatsink
o c49 >&§Z D4
c 2.2u 505
o %251 b6
% §§ By [
) =08 wuww
£
Q [ ———
o HS6
g_ Heatsink
o
©
Q
o
<
o
omm| d
- g
ommm
—
4
|—

Regular trace

Title: Shift Register Block

——— Microstrip

Size: Ak [ Date: 2023-07-13 Rev: 2

KiCad E.D.A. 8.0.2

[
[
[
[
[
[
[
|
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
: 1d: 5/27

1 I 2 I 3 I 4 I 5 I




1:2 ECL fanout

This circuit contains two 8-bit shift registers. The first one acts as a shifter but has a
non—latching output, i.e. the 8 parallel outputs are shifted by 1 bit each but are still at
the input frequency.

The second shift register acts as a latch, being triggered by the 1/32 divided clock.
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This circuit contains the STM32 microcontroller and some of the associacted components.
The uC canfigures and calibrates the clock IC via SPI upon startup. It can alsa control a
cooling fan depending on board temperature.

Since the clock IC uses 1.8V SPI some level translation is needed.
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omm| d The FX3 facilitates the USB3 connection to the PC.
n g It connects to the PCB via it's GPIFIl interface.
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It uses single ended inputs.
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This circuit translates all data and clock lines from LVPECL to
LVTTL levels.
It uses single ended inputs.
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This circuit translates all data and clock lines from LVPECL to

|_|LVTTL levels.

It uses differential inputs.
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All layout figures are to scale and viewed from the top.

D.4. Shift Register PCB Layout

Appendix D. Schematics and Layouts
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Figure D.7.: Top side copper of the Shift Register PCB. Used for signals, voltage
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D.4. Shift Register PCB Layout
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Appendix D. Schematics and Layouts
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Figure D.9.: Bottom inner layer (In2) copper of the Shift Register PCB. Used for
voltage rails as well as a ground island.
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D.4. Shift Register PCB Layout
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Appendix D. Schematics and Layouts

D.5. Demux PCB Schematics

The following pages show the schematics as well as the layout of the Demux PCB.
[ts structure and functionality is described in section 3.3.3 on page 26.

Because the schematics are created with an EDA software (KiCad), they don’t
feature visible page numbers of the thesis but instead use their own internal numbering
system. They are still counted as pages of the thesis however, so pages after the
schematics feature the correct page number.

Note that the schematics follow a hierarchical design. Components have a yellow
background colour, while hierarchical sheets have a white background colour (see
fig. D.11). This is primarily a helpful tool in the used EDA software (KiCad) because
it allows functional abstraction as well as reuse of repeating parts of the schematic.

1:32 data division

RESET DATA:32
u1 {C}o——
MIC2250 D—IN+ CLK+D
SN swit i CLK-D;
()]
HEN 2 FBi2 CLK{A}
CLK:32(B}
~N
File: division.kicad_sch
(a) Component (b) Hierarchical sheet

Figure D.11.: Examples for different schematic symbol types.
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1:8 Demultiplexer 1:8 Clock Fanout

This circuit takes a high—frequency (<3.3 Gbps) data signal and divides it to 8 parallel
lines. The 1/8 clock output of the demux is further routed into a fanaut buffer to
produce 8 parallel differential clock outputs.

Inputs and outputs are using LVPECL signal levels.
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It connects to the PCB via it's GPIFIl interface.
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This circuit divides a differential serial line into 8 parallel lines.
Inputs are using LVPECL signal levels, outputs are using LVDS signal levels.
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This circuit divides a differential serial line into 8 parallel lines.
Inputs are using LVPECL signal levels, outputs are using LVDS signal levels.
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This circuit divides a differential serial line into 8 parallel lines.

Inputs are using LVPECL signal levels, outputs are using LVDS signal levels.
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This circuit divides a differential serial line into 8 parallel lines.

Inputs are using LVPECL signal levels, outputs are using LVDS signal levels.
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This circuit divides a differential serial line into 8 parallel lines.

Inputs are using LVPECL signal levels, outputs are using LVDS signal levels.
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This circuit translates all data and clock lines from LVPECL to
LVTTL levels.
It uses single ended inputs.

This circuit translates all data and clock lines from LVPECL to

L [LVTTL levels.

It uses single ended inputs.
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This circuit translates all data and clock lines from LVPECL to
LVTTL levels.
It uses single ended inputs.
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LVTTL levels.
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akob Essbiichl | Vienna University of Technology

This circuit translates all data and clock lines from LVPECL to
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D.6. Demux PCB Layout

D.6. Demux PCB Layout

All layout figures are to scale and viewed from the top.
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Figure D.12.: Top side copper of the Demux PCB. Used for signals, voltage rails, and
ground fills.
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Appendix D. Schematics and Layouts
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Figure D.14.: Bottom inner layer (In2) copper of the Demux PCB. Used as a ground
plane.
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Appendix D. Schematics and Layouts
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(Glossary

APD Avalanche photodiode. Photodetector that is operated above the diode break-
down voltage. The photocurrent of the diode is strongly amplified by an
avalanche process. 3, 30, 44, 58

ASIC Application Specific Integrated Circuit. A custom-designed integrated circuit
created for a specific task. Very good performance and efficiency compared to
more generalized solutions like FPGAs or CPUs, but has a fixed design/applic-
ation and high development and manufacturing costs. 6, 9

BER Bit error ratio. Important metric of transfer reliability and performance of
digital communications systems. Defined as the ratio of the number of bit
errors divided by the total number of transferred bits. Not to be confused with
the bit error rate (BER), which is the bit error ratio multiplied by the bit rate
and gives bit errors per unit of time. 8, 35-37, 39, 40, 44, 46, 48, 50, 51, 53

DMA Direct Memory Access. Allows accessing system memory directly and inde-
pendently of the main central processing unit (CPU) 9-14, 16, 17, 55

FPGA Field Programmable Gate Array. An integrated circuit that can be (re)programmed

after manufacturing and thus is adjustable for a wide range of digital functions.
9, 45, 46, 53

Geiger mode A name for the way the avalanche process leads to output pulses in
single-photon avalanche diodes (SPADs). A reference to the way a Geiger-
counter produces ‘click’ events. 3

GPIF Il General programmable interface I1 9, 11, 13, 14, 57

GUI Graphical user interface. A type of interface that allows users to interact with
devices using visual elements like windows, icons and menus. 55

JTAG Joint Test Action Group. A protocol widely used for debugging microcontrol-
lers and similar internal circuits (ICs) 10

LDO Low dropout. An LDO regulator is a voltage regulator with a lowered dropout
voltage compared to regular voltage regulator. 19, 30
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Glossary

LFSR Linear feedback shift register. A circuit commonly used to generate pseudo-
random binary sequences (PRBS). 36

PRBS Psecudo-random binary sequence. Binary sequences of varying length that
appear random but can be generated in a deterministic manner. Commonly
used to measure the bit error ratio (BER). 36, 39, 44, 50, 57

RTOS Real-time operating system. A type of operating system that is able to
perform actions within predictable — and often strict — time limits. 13, 52

SDK Software development kit. A collection of tools, libraries and documentations
to build applications or firmware. 14, 17, 18

SPAD Single-photon avalanche diode. A highly sensitive photodetector that can
detect individual photons through a self-sustaining avalanche process. Concep-
tually an avalanche photodiode (APD) operated in Geiger mode 1, 3, 4, 7, 8,
23, 29, 30, 39, 44, 53, 57, 58, 61
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